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The Ins and Outs of the Bushveld Complex Upper Zone 
Abstract 
Jill A. VanTongeren 
 
 
  This dissertation is an investigation into the geochemical and geodynamic 
evolution of the Upper Zone of the Bushveld Complex.  The Bushveld Complex is one of 
the few large layered intrusions in which the entire cumulate stratigraphy is preserved 
and well-exposed from its base to its roof.  Despite this unique feature, relatively little is 
known about the nature of magmatic differentiation in the uppermost portions of the 
Bushveld.  As a first order, I quantify the chemical composition of the preserved 
stratigraphy (i.e. the bulk composition) from the geochemical base of the Upper Zone 
(the Pyroxenite Marker) to the contact with the roof.  On the basis of major element 
modeling and trace element equilibria I show that the bulk composition is not 
representative of the original magma composition, and therefore some magma must be 
missing.  I propose that the Rooiberg Group lavas and/or Rashoop granophyres, which 
make up the immediate roof of the intrusion, represent the missing magma.   
A further test of the magma-loss hypothesis comes from the trace element 
contents of apatites in the uppermost 625 m of the Upper Zone stratigraphy.  Comparison 
of the equilibrium liquid compositions calculated from these apatites with the Rooiberg 
and/or Rashoop roof rocks shows that they are a geochemical match.  My results also 
indicate a role for large-scale (>625 m) liquid immiscibility at the top of the Bushveld.  
This is the first documented evidence for liquid immiscibility based on the compositions 
of mineral phases, not melt inclusions; and it is the first quantitative evidence for large-
scale immiscibility in the Bushveld Complex.  
Quantification of the parent magma composition at the Pyroxenite Marker allows 
me to not only estimate the ‘outputs’ from the magma chamber, but also to constrain the 
‘inputs’.  A geochemical record of magma input and mixing is recorded in the cumulate 
stratigraphy for approximately 350 m below the Pyroxenite Marker.  Using the evolution 
in mineral compositions I calculate the composition and proportion of incoming magma 
to the Upper Zone, as well as the style of input.  The composition of the incoming magma 
is then compared to other known pulses of magma into the Bushveld Complex in order to 
put constraints on the source contributions and formation dynamics of the intrusion as a 
whole.   
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1. Introduction   
 The diversity of igneous rocks on Earth is the product of billions of years of 
melting and differentiation.  Among the end products is the wide range of cumulate rocks 
and lavas found within the oceanic and continental crust.  Cumulate rock sequences 
generally record the processes of fractional crystallization and other igneous 
differentiation processes.  Their compositions may also provide clues to the pressures, 
temperatures, and source compositions that gave rise to their formation and solidification.  
By studying the records provided in the cumulate rocks we can begin to piece together 
the mantle and crustal dynamics that led to ancient magmatic events.  In this dissertation, 
I explore the effects of magmatic differentiation as it applies to the formation and 
evolution of the Bushveld Complex magmatic province.  The overarching goal is to 
understand the chemical and dynamic links between cumulate rocks and their eruptive 
products.   
 The ultramafic/mafic cumulates of the Bushveld Complex represent the solidified 
remains of one of the largest magmatic events in Earth’s history. In less than a few 
million years perhaps one million or more cubic kilometers of magma was both emplaced 
within the continental crust and erupted onto the surface.  Today, this event is recorded 
by voluminous outpourings of felsic lavas, among the largest intrusions of alkaline 
granites, and a sheet of ultramafic and mafic cumulate rocks that may have been more 
than 450 km across and up to 9 km thick. Furthermore, the ultramafic/mafic cumulate 
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rocks constitute one of the world’s most precious resources; providing over 90% of the 
world’s known platinum reserves as well as significant quantities of vanadium and 
chromium.  While much has been done to study the economic potential of the Bushveld 
Complex, fundamental questions about the source and geochemical evolution of the 
Bushveld as a whole remain unanswered.   
 
2. General Bushveld Complex 
  
 Approximately 2.06 billion years ago the Bushveld Complex magmas intruded 
into the Pretoria Group sediments in what is now the northeastern corner of South Africa.  
It been proposed that the Bushveld Complex magmas are the result of extensive 
contamination of a komatiite plume in the lower to middle crust of the Kaapvaal Craton 
(e.g. Longhi et al., 1983)(Fig. 1).  The anomalously high SiO2 and high MgO sill and dike 
compositions thought to be parental to the Bushveld (see Eales, 2002; Cawthorn, 2007 
and references therein), as well as the highly radiogenic bulk-rock Sr, Nd, Os, and Pb 
isotopic compositions (Sharpe et al., 1985; Kruger et al., 1987; Maier et al., 2000, 
McCandless et al., 1999, Harmer et al., 1995; Mathez and Kent, 2007; Mathez and 
Waight, 2003) generally support this hypothesis.  However, the presence of mantle-like 
isotopic compositions in some mineral separates, as well as the discovery of highly 
radiogenic isotopic compositions in diamond melt inclusions from the Kaapvaal sub-
continental lithospheric mantle (Richardson and Shirey, 2008), suggests that the source 
magmas to the Bushveld may not require a crustal component.  Rather, these magmas 
may represent a direct melt from anomalous mantle, or a mantle melt that reequilibrated 




2.1 Field relations 
 The Bushveld Complex sensu stricto is made up of three parts:  the Rustenburg 
Layered Suite (RLS) of ultramafic/mafic intrusives, the Rashoop Granophyre Suite, and 
the Lebowa Granite Suite, but it excludes the Rooiberg Group lavas (SACS, 1980).  The 
Lebowa granites are demonstrably younger than the RLS (e.g., Wilson et al., 2000), 
however, and the relationships between the Rashoop Granophyre and either the RLS or 
the Rooiberg Group, with which they are associated, are unclear (see below).  For these 
reasons, throughout this thesis I will follow informal convention and use the term 
Bushveld Complex to mean the RLS and refer to the other units by their specific names. 
 The Bushveld Complex crops out in east- and west-arching limbs with a total 
strike length of over 350 km (Fig. 2).  The two limbs dip gently inward toward each other 
and appear to be connected at depth (Cawthorn & Webb, 2001; Webb et al., 2004), 
implying that the main part of the Bushveld is a shallow, bowl-shaped body (Kruger, 
2005). In addition, there exists a 110 km-long northern limb extending north from the 
town of Mokopane (formerly Potgietersrus) and a mostly hidden, eroded remnant in the 
far west extending to the Botswana border.  The northern and western limbs of the 
Bushveld are poorly exposed and are known from mining activity and drilling.  Parts of 
the eastern limb, on the other hand, are well-exposed due to the locally rugged 
topography.  This is where the Bushveld has been mapped in some detail (e.g., 
Molyneux, 1970; von Gruenewaldt, 1973; Molyneux, 2010). Despite the large distance 
between the limbs, they exhibit a grossly similar stratigraphy (e.g., Eales and Cawthorn, 




 At the base of the intrusion is the Marginal Zone, a several hundred meter thick 
(thicknesses cited here refer to the central sector of the eastern limb) layer of norite.  The 
Lower Zone (1000 m thick) is dominated by harzburgites and orthopyroxenites 
(Cameron, 1978; 1980; 1982).  The Critical Zone (2100 m thick), which hosts the 
chromitite layers, is divided into two subzones. The Lower Critical Zone is comprised of 
abundant pyroxenite with minor harzburgite; and the Upper Critical Zone contains 
interbedded pyroxenite, norite, and anorthosite and hosts the world’s largest PGE 
deposits, namely the Merenksy Reef and UG2 chromitite.  The Main Zone is a massive 
unit of mainly norite, gabbronorite, and anorthosite.  Upward through the section 
pigeonite eventually replaces orthopyroxene as the primary Ca-poor pyroxene.  
Overlying the Main Zone is the ca. 2400 m thick Upper Zone, defined by the first 
appearance of cumulus magnetite (SACS, 1980).  The Upper Zone consists of a well-
layered sequence of magnetite gabbros, anorthosites, olivine- and/or apatite-bearing 
gabbros, diorites, and magnetitites (Fig. 4).  Although the Bushveld Complex displays 
layering on a variety of scales, the bottom of Lower Zone to the top of Upper Zone 
constitutes a complete stratigraphic section of progressively more fractionated rocks. 
 
2.2 The Upper Zone 
 Due to its position at the top of the extensive cumulate sequence, the Upper Zone 
of the Bushveld Complex provides one of the only known windows into the final 
differentiation products of large magma bodies.  The Bushveld Complex is one of only 
three large layered intrusions for which the top remains preserved.  The top of the 
Muskox Intrusion of NW Canada, also maintains a fragment corresponding to the Upper 
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Zone and roof of the intrusion (Francis, 1994; Stewart and DePaolo, 1996), and the top of 
the Kiglapait Intrusion is also partially preserved (Morse, 1969).  The tops of other large 
layered mafic intrusions have either eroded away (e.g., the Stillwater Complex and the 
Great Dyke) or are not exposed (e.g., the Bjerkreim-Sokndal intrusion). 
 The top of the Bushveld Complex is also unlike that of other smaller intrusions, 
such as the Skaergaard Intrusion.  In the Skaergaard, crystallization occurred at the sides, 
roof and floor.  This resulted in the formation of an Upper Border Series below the roof 
in which the rocks became progressively more evolved downward to the Sandwich 
Horizon, where the final and most geochemically evolved liquids were concentrated. The 
Sandwich Horizon, like analogous layers in other small tabular bodies, exists about two 
thirds of the way up from the bottom to the top of the intrusion. In the Bushveld, 
however, the mineral compositions and phase assemblages become progressively more 
evolved all the way to the roof.  The lack of Upper Border Series and Sandwich Horizon 
suggests a thermally dynamic and complex interaction with the overlying roof rock.   
 
2.3 The Roof 
 Identifying the roof of the Bushveld Complex is complicated by the enormity of 
the intrusion and the lateral variability in roof lithology.  It is thought that the mafic 
magmas of the Bushveld Complex may have intruded along a major regional 
unconformity between the shales and quartzites of the Pretoria Group (Transvaal 
Supergroup) and the rhyolitic lavas of the Rooiberg Group (Cheney and Twist, 1991).  
Immediately overlying the Bushveld Complex are sedimentary rocks (Pretoria Group 
sediments, including the Magaliesburg Quartzite), igneous rocks (the Rooiberg Group 
5
  
lavas, the Rashoop Granophyre Suite, and the Lebowa Granite Suite), as well as some 
hybrid lithologies, such as the “leptite” (Fig. 5) found at the contact between the Upper 
Zone and the roof in parts of the eastern Bushveld (e.g. von Gruenewaldt, 1970). 
 The Rooiberg Group Felsites are a series of basaltic-andesite to rhyolitic lavas 
divided into four formations.  The Dullstroom formation is found mostly below the 
Bushveld Complex (although some reports suggest that there is a small portion in the roof 
Schweitzer et al., 1995) and only in the eastern Bushveld.  The Damwal formation is also 
found only in the eastern Bushveld, but the third and fourth formations, the Kwaggasnek 
and Schrikkloof are laterally extensive over the entire Bushveld region (Fig. 2).  The 
Rooiberg lavas are traditionally considered to have preceded the Bushveld mafic magmas 
and formed the roof of the intrusion.  This is very likely to be the case for the basaltic-
andesite lavas of the Dullstroom and the andesitic-dacitic lavas of the Damwal 
formations, which have geochemical characteristics somewhat distinct from the rhyolitic 
upper lavas of the Kwaggasnek and Schrikkloof formations suggesting that they may not 
have formed as a cohesive unit.     
 The formations of the Rashoop Granophyre Suite are geographically extensive, 
sometimes occurring in locations far removed from any protolith.  Walraven (1985) 
suggested that there exist three chemically distinct granophyres within the Rashoop Suite, 
all with different origins.  On the basis of geochemistry and detailed field work, he 
proposed that the Zwartbank psuedogranophyre and the Diepkloof granophyre are the 
result of melting and contact metamorphism due to the Bushveld mafic magmas; the 
Zwartbank from Transvaal sediments and the Diepkloof from Rooiberg felsites.  The 
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Stavoren granophyre (by far the most laterally extensive unit) is the intrusive equivalent 
to the Rooiberg magmas.   
 The Lebowa Granite Suite is further divided into three units: the Nebo, Klipkloof, 
and Boobejaankap.  The granites are found cross-cutting portions of the Bushveld mafic 
sequence, the Rashoop Granophyre, and the Rooiberg Group lavas, and are likely the last 
phase of volcanism in the Bushveld magmatic event. 
 As is clear from these brief descriptions, the relationship between the roof rocks is 
not well understood.  This will be explored in more detail within Chapters 2 and 3 of this 
thesis, and is the subject of ongoing work by Dr. Ed Mathez and myself. 
 
2.4 Relationship between the Bushveld Complex and its roof 
 One of the principal motivations of this thesis is to understand the chemical and 
dynamic relationship between the cumulate rocks of the Upper Zone and the roof of the 
intrusion.  It was previously proposed, on the basis of incompatible trace element mass 
balance, that the Bushveld Complex lost a significant amount of magma (Cawthorn and 
Walraven, 1998).  Yet no attempt to quantify the composition, amount, or the geologic 
manifestation of this missing magma has been made until now.    
 Logically it follows that if some amount of evolved magma escaped from the 
Bushveld magma chamber, it must either be manifest as some fraction of the roof rocks 
in the region, or it has since been eroded away.  Significant erosion can be ruled out by 
the preservation of the Waterburg Group sediments (2054 ± 4 Ma – Dorland et al. 
[2006]) deposited on top of, but only shortly after, the formation of the Rooiberg Group 
and Bushveld Complex. 
7
  
 Among the roof rocks, the Rooiberg Group lavas (and by inference portions of the 
Rashoop Granophyres) have the same Sr isotopic composition and the same age as the 
Bushveld Complex.  Thus, this thesis is focused on understanding the source and 
evolution of the Upper Zone and its relationship to the Rooiberg Group lavas and 
Rashoop Granophyres.  
  
2.5 Field Work  
 The Main and Upper Zones in the eastern limb of the Bushveld Complex were 
mapped in detail by Molyneux (1970; 1974) in the Magnet Heights area and by von 
Gruenewaldt (1971; 1972) further to the south in the Steelpoort River valley.  
Additionally, Ashwal et al. (2005) provided a detailed description based on drill core of 
the Upper Zone and approximately half the Main Zone of the northern limb.  The Upper 
Main Zone and Upper Zones of the western limb is known from the general descriptions 
of Kruger et al. (1987) and Tegner et al. (2006). 
 All of the samples studied in this dissertation were collected over three field 
seasons in the eastern Bushveld by Ed Mathez and myself with the guidance of Tom 
Molyneux.  The majority of Upper Zone samples are from the classic Magnet Heights 
traverse of Molyneux (1974)(Fig. 6).  Additional samples from the Main Zone were 
collected along the Leolo Mountain traverse (Fig. 7), and samples from the uppermost 
Upper Zone and roof rocks were collected primarily in the Droogehoek area of 
Sekhukhuneland (Fig. 8).  All samples are precisely located on the stratigraphic column 




3. Summary of Dissertation Research 
 Because the cumulate rocks of the Upper Zone are the last to cool and solidify 
they provide important insight into how the Bushveld Complex magma chamber evolved 
through time and how it interacted with its surroundings. My results suggest that the 
Bushveld was a sub-volcanic magma chamber that evolved to produce both Fe-rich and 
Si-rich residual liquids.  These Si-rich residual liquids were then expelled from the 
magma chamber to form portions of the Rooiberg Group lavas and/or Rashoop 
granophyres.  The connection between the cumulate rocks and the overlying lavas leads 
to a new way of envisioning the formation and evolution of the Bushveld magmatic 
province.  
   
Chapter 2: A Felsic End to Bushveld Differentiation: Major and trace element 
modeling  
 The similarities in age (ca. 2.06 Ga) and isotopic composition of the Bushveld 
Complex and the overlying Rooiberg Group Felsites suggest the possibility that the two 
are co-genetic.  To investigate this possibility I derive a robust new estimate of the major 
and trace element bulk composition of the Bushveld Upper Zone and Upper Main Zone 
(UUMZ).  Using MELTS thermodynamic modeling, I show that this composition fails to 
reproduce fundamental features of the cumulate sequence, such as the presence of 
primary orthopyroxene at the base of the magma column.  I investigate the possibility 
that some amount of evolved magma escaped from the magma chamber and derive a new 
estimate of the UUMZ parent magma that reproduces generally the observed cumulate 
sequence.  My results constrain the amount and composition of the escaped magma and 
9
  
provide evidence of a genetic link between the UUMZ of the Bushveld Complex and the 
felsic rocks immediately overlying it.  I conclude that between 15-25% of the original 
magma volume was expelled and is manifest either as part of the upper Rooiberg Group 
lava sequence or the Rashoop Granophyre (a distinction hindered by their almost 
identical major element compositions).  A parent magma constructed from 15-25% 
Rooiberg or Rashoop material added back to the extant cumulate sequence is initially 
saturated in orthopyroxene and is in major and trace element equilibrium with the phases 
at the base of the UUMZ.  I also provide an estimate of the oxygen fugacity of the system 
at the base of the UUMZ, and make a prediction of the composition of the phases at the 
top of the Upper Zone based on a simplified fractional crystallization model.   
 Portions of this work are published in VanTongeren et al. (2010) Journal of 
Petrology v. 51 no. 9, pgs. 1981-1912.    doi:10.1093/petrology/egq042 
 
Chapter 3: Apatite as a record of extreme differentiation in the uppermost portions 
of the Bushveld Complex 
Due to their evolved compositions, the Rooiberg Group lavas and Rashoop 
Granophyres are most likely to have escaped from near the top of the Bushveld Complex 
magma chamber.  To test this hypothesis, this chapter presents a detailed study of the top 
of the Upper Zone. Apatite is present as a cumulus phase in the uppermost 625 m of the 
stratigraphic section immediately below the roof of the intrusion.  In situ trace element 
compositions of apatite and other major phases reveal that the lower ~300 m of this 
sequence is characterized by apatite having low REE concentrations and lacking a 
chondrite-normalized europium anomaly; overlying this is an ~325 m-thick stratigraphic 
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interval in which apatite REE concentrations are three times higher and possess a 
strongly negative europium anomaly.  The distinction between these two groups occurs 
over a limited stratigraphic range (<50 m).  In addition, the lower part of the stratigraphic 
sequence contains abundant magnetitite and nelsonite layers, while ilmenite replaces 
magnetite as the major Fe-Ti oxide phase in the upper sequence.  Of the several possible 
mechanisms evaluated to account for the formation of this distinctive stratigraphic 
sequence, silicate liquid immiscibility resulting in a dense Fe-rich magma to form the 
lower part of the sequence and a buoyant Si-rich magma to form the upper part of the 
sequence is best able to explain the observations.   
 In addition, the phases in the upper siliceous cap of the Bushveld Complex are in 
major and trace element equilibrium with the overlying Kwaggasnek and Schrikkloof 
rhyolites and/or Rashoop Granophyres, consistent with their formation as residual liquids 
after extensive fractional crystallization of the Bushveld magmas.  It is concluded that the 
magmas of the Bushveld Upper Zone evolved to produce Fe-rich and Si-rich magmas.  
Due to its lower liquidus temperature, the siliceous cap may also account for the lack of 
Upper Border Series in the Bushveld, as is typically seen in other smaller intrusions 
where crystallization occurs from the roof downward. 
 Portions of this work have been submitted for publication in Geology:  
VanTongeren, J.A. and Mathez, E. A. (in revision, Geology) Large-scale liquid 
immiscibility at the top of the Bushveld Complex, South Africa  
 
Chapter 4: Incoming magma composition and style of recharge below the 
Pyroxenite Marker, eastern Bushveld Complex, South Africa 
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 A well known, pronounced geochemical reversal occurs approximately 350 m 
below the Pyroxenite Marker of the Bushveld Complex, suggesting input of a hotter, 
more primitive magma into the resident chamber.  The identification of the major and 
trace element parent magma composition to the Upper and Upper Main Zones (UUMZ) 
in Chapter 2 allows the reevaluation of previous estimates for the amount and 
composition of the added magma.  Here I present in situ major and trace element data for 
plagioclase, clinopyroxene, and orthopyroxene through the reversal interval, which is 
interpreted to represent the interval over which the incoming and resident magmas mixed 
and crystallized.  The continued crystallization during recharge recorded by these 
compositions must be produced by gradual, periodic magma input over the interval of 
mixing.  From calculated trace element mineral—liquid partition coefficients, I then 
calculate the proportions and compositions of incoming magma and resident Main Zone 
magmas.  The calculated incoming magma composition is similar to that of the magma 
thought to be parental to the Bushveld Main Zone.  The stratigraphic progression in the 
Bushveld parent magmas from relatively low (87Sr/86Sr)i ratios but fractionated REE 
patterns and high REE abundances, to relatively high (87Sr/86Sr)i ratios with less 
fractionated REE patterns and lower REE abundances is seemingly decoupled from what 
would be expected from increasing degrees of crustal assimilation.  This signature, 
however, can be explained by a model in which the magmas parental to the Lower Zone 
contained large proportions of relatively unradiogenic lower crust, while those parental to 
the Critical, Main, and Upper Zones of the complex contained comparatively smaller 
amounts of more radiogenic mid- to upper-crustal material. 
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Portions of this work have been submitted for publication in Journal of Petrology:  
VanTongeren, J.A. and Mathez, E.A. (submitted, Journal of Petrology) Incoming magma 
composition and style of recharge below the Pyroxenite Marker, eastern Bushveld 
Complex, South Africa 
 
4.  Implications and Future Directions 
 As one reviewer of the VanTongeren et al. (2010) manuscript put it, the 
hypothesis pursued in this work is “iconoclastic”.  Previously it has been assumed that 
the Bushveld Complex was a deep crustal magma chamber that evolved in a system open 
only to magmatic input.  While the idea that the Bushveld Complex may have been a 
shallow sub-volcanic magma chamber is certainly untraditional, the work presented in 
this thesis shows that the connection between the Bushveld Complex and Rooiberg 
Group lavas is consistent with all of the geochemical and geochronological data currently 
available.  
 Such a conclusion opens up an entirely new set of questions for future research on 
the Bushveld Complex as well as other large-volume mafic-rhyolitic events.  For 
example, a recent study by Pankhurst et al. (in press) highlights the Rooiberg-Bushveld 
connection as an early example of plume-continent interaction producing high volume 
rhyolites that has been operating regularly since at least 2.45 Ga.  The Rooiberg-
Bushveld connection may also have important insight into the processes happening today.  
For example, the Rooiberg Group lavas are similar in both geochemistry and extent to 
those of the Yellowstone hot spot.  Geophysical measurements from the Yellowstone 
area suggest a large dense magma body 6-16 km below the surface, which measures over 
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80x80 km (Smith et al., 2009). The results of the trace element study at the top of the 
Upper Zone (Chapter 3) show that tholeiitic magmas may evolve to produce both iron-
rich and silica-rich compositions via fractional crystallization.  While the Si-rich lavas are 
those that we see erupted at the surface, the Fe-rich conjugate liquids are likely too dense 
to erupt and will crystallize within the magma chamber, perhaps forming abundant Fe-Ti 
oxide layers and nelsonites, as is observed in the lower samples at the top of the UUMZ.  
Is it possible that the rhyolites erupted at Yellowstone could be forming in a modern-day 
Bushveld magma chamber?  
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Massive crustal assimilation 






























Melt from anomalous mantle source?
Figure 1. Illustration of possible mechanisms for the formation of the Bushveld Complex 
source magmas.  (The section illustrating the assimilation of lower continental crust is 




































































































































































































Figure 2.  Geologic map of the Bushveld Complex and surrounding rocks.  The regional 
map, which is adapted from Hatton and Schweitzer (1995), highlights the distribution and 
spatial relationship between the Rooiberg Group lavas and the Bushveld Complex.  Note 
that the Damwal and Dullstroom formations are only present in the eastern Bushveld.  
Blow-up of the eastern Bushveld adapted from Mondal and Mathez (2007).  Small yellow 







































Figure 3.  Generalized stratigraphic columns of the eastern Bushveld Complex and Rooi-
berg Group.  Rooiberg Group and Rashoop Granophyre thicknesses are not to scale.  The 
Dullstroom formation of the Rooiberg Group lavas outcrops primarily below the layered 
rocks of the Bushveld, however, some researchers report occurrences above the Bushveld 














































































































































































































Figure 4.  Detailed stratigraphic column of the Main and Upper Zones from Molyneux 




























Figure 5.  Photographs of rocks in outcrop.  Clockwise from top-left:  the 3-meter thick 
Pyroxenite Marker (Tom Molyneux for scale), the Main Magnetite Seam, and an example 
of the leptite roof rocks near the contact with the Upper Zone – fine-grained rocks are 








Magnet Heights Section through the Upper Zone
Figure 6.  Location of samples collected from the Magnet Heights traverse through the 
Upper Zone.  Picture on the left shows the approximately location of the samples in the 
field.  The image was created by overlaying the geologic map [Molyneux, 2010] onto the 
topography from Google Earth.  Geologic units in colors on this figure are as follows:  light 
green = Upper Zone; dark black lines = locations of magnetite seams; bright orange = horn-
fels xenolith; light orange = roof rocks, dominantly Magaliesburg Quartzite in this area; 
light blue = no definable outcrop; red dashed lines correspond to cross sections done by 





Leolo Mountain Traverse through the Main Zone
Leolo Mtns 
Figure 7.  Location of samples collected from the Leolo Mountain traverse through the 
Main Zone.  Green coloring corresponds to Main Zone rocks; red dashed lines are cross 






Droogehoek Section through the uppermost Upper Zone 
and roof rocks
Figure 8.  Location of samples collected from the Droogehoek section of uppermost Upper 
Zone and roof rocks.  Geologic units in this figure (according to Molyneux [2010]): light 
green corresponds to the outcrops of Upper Zone; purple is leptite; light pink is granite; and 
yellow is Stavoren granophyre.
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The Ins and Outs of the Bushveld Complex Upper Zone 
Chapter 2. 




The similarities in age (ca. 2.06 Ga) and isotopic composition of the Bushveld Complex 
and the overlying Rooiberg Group Felsites and Rashoop Granophyres suggest the 
possibility that the two are co-genetic.  To investigate this possibility I derive a robust 
new estimate of the major and trace element bulk composition of the Bushveld Upper 
Zone plus the Upper Main Zone above the Pyroxenite Marker (UUMZ).  Using MELTS 
thermodynamic modeling, I show that this composition fails to reproduce fundamental 
features of the cumulate sequence, such as the presence of primary orthopyroxene at the 
base of the magma column.  I investigate the possibility that some amount of evolved 
magma escaped from the magma chamber and derive a new estimate of the UUMZ 
parent magma that reproduces generally the observed cumulate sequence.  My results 
constrain the amount and composition of the escaped magma and provide evidence of a 
genetic link between the UUMZ of the Bushveld layered series and the felsic material 
immediately overlying it.  I conclude that between 15-25% of the original magma volume 
was expelled and is manifest either as part of the upper Rooiberg Group lava sequence or 
the Rashoop Granophyre (distinction is hindered by their almost identical major and trace 
element compositions).  A parent magma in which 15-25% Rooiberg or Rashoop material 
is added back to the extant cumulate sequence is initially saturated in orthopyroxene and 




1.  Introduction  
 The body of rock comprising the combined Upper Zone and Upper Main Zone of 
the Bushveld Complex (hereafter referred to as the UUMZ; Fig. 1) is commonly thought 
to represent the last pulse of magma injected into the Bushveld magma chamber.  The 
upward progression in this unit of more chemically and mineralogically evolved rocks is 
traditionally regarded as the result of closed-system fractional crystallization.  Some 
researchers have hypothesized, however, that a significant proportion of the magma now 
represented by the UUMZ escaped from the original chamber (Cawthorn and Walraven, 
1998).  Despite the relevance of this hypothesis to the source, evolution, and nature of 
emplacement of the Bushveld Complex, no attempts to quantify the amount or 
composition of escaped magma have been made, and no rocks that might represent that 
magma have been identified.  
 In order to determine if significant quantities of magma were expelled from the 
UUMZ, one must deduce the original composition of the magma from which the extant 
rock column crystallized.  With the assumption (explored below) that the UUMZ is a 
cumulate sequence formed essentially from a single pulse of magma, the rocks provide 
three constraints on the parent magma composition:  (1) it must initially be saturated in 
the phases present at the base of the UUMZ, namely orthopyroxene with later plagioclase 
and clinopyroxene; (2) it must be in equilibrium with the observed mineral compositions 
at the base; and (3) it must crystallize in a paragenetic sequence consistent with the 
observed stratigraphic succession of rock types.  To date, no parent magma that satisfies 
any of these three basic constraints has been identified for the UUMZ.  
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 Thus, there remain several fundamental questions about the formation and 
evolution of the Bushveld UUMZ: what was its parent magma composition, how much 
magma was lost during crystallization, what was the composition of the lost magma, and 
where are the rocks representing this material?  To address these questions, I first 
calculate a bulk composition for the UUMZ.  I then derive a new estimate of the parent 
magma by exploring the relationship between the UUMZ cumulate sequence and the 
felsic rocks directly overlying it, namely the Rooiberg Group lavas and the Rashoop 
Granophyre Suite.  I focus specifically on the potential for, and magnitude of, expelled 
magma using MELTS thermodynamic modeling.  As an independent test of these results, 
I reconstruct major and trace element liquid compositions from the observed cumulus 
mineral compositions at the base of the UUMZ.   
 
2.  Geologic and Geochemical Relations 
2.1  The UUMZ  
 The base of the Upper Zone is formally defined as the first appearance of cumulus 
magnetite (SACS, 1980); however, the Bushveld magma chamber seems to have received 
a large influx of new magma at the level of the Pyroxenite Marker (Cawthorn et al., 
1991), which is a massive, 3 m-thick orthopyroxenite approximately 650 m below the 
first appearance of cumulus magnetite in the eastern limb (Fig. 1).  At this level, initial Sr 
isotopic compositions decrease sharply from 0.7080 in the Main Zone below the 
Pyroxenite Marker to an approximately constant value of 0.7073 through the entire 
overlying sequence (Kruger et al., 1987; Sharpe, 1985).  These isotopic features, in 
addition to the progression of more evolved mineral compositions and assemblages 
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(except for minor reversals—see below) from the Pyroxenite Marker upward to the roof 
of the Bushveld Complex, are the reasons for my delineation of the UUMZ as a coherent 
unit. 
 These observations also underlie the assumption, noted earlier, that the UUMZ 
formed by fractionation of a single magma body.  This assumption may not be strictly 
correct, however.  Ashwal et al. (2005) documented numerous reversals in mineral 
composition and density throughout the Main Zone that they attributed to small injections 
of new magma.  They also described similar reversals in the Upper Zone, although 
Cawthorn and Ashwal (2009) ruled out the multiple-pulses hypothesis at least to explain 
magnetitite and associated anorthosite layers of the Upper Zone.   
Regardless, while it is likely that the UUMZ was not entirely closed to small new 
inputs of magma during its evolution, the assumption of a closed system is valid for this 
study for two main reasons.  First, the homogeneous bulk-rock Sr isotopic composition of 
the UUMZ has been interpreted to be an approximately 50:50 mixture of resident Main 
Zone magma and new incoming magma (Cawthorn et al., 1991).  If this were correct, 
then any relatively massive new pulses of magma added to the UUMZ would need the 
exact Sr isotopic composition of this mixture, a highly fortuitous circumstance.  Second, 
magma additions could not have been so massive compared to the resident magma to 
disrupt the crystallizing phase assemblage or significantly reverse the evolving mineral 
compositions. 
 
2.2  Attempts to Constrain the Composition of UUMZ Parent Magma 
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  Cawthorn and Walraven (1998) compiled published Zr and K bulk rock analyses 
of all the major layers of the Bushveld Complex.  The compilation revealed that the 
cumulate rocks have far lower abundances of Zr and K than proposed parent magmas 
(Fig. 2).  This straight-forward mass-balance led Cawthorn and Walraven (1998) to 
conclude that some amount of magma must be missing from the original magma chamber 
to account for the missing Zr and K.  Without speculating on its composition, they 
estimated the amount of expelled magma was 20 to 50% of that in the original chamber. 
 Building on this study, Tegner et al. (2006) attempted to estimate the UUMZ 
parent magma composition by adding back 20% escaped melt to the extant rock column.  
They derived an escaped melt composition from literature data on experimental liquids in 
equilibrium with olivine, clinopyroxene, plagioclase, ilmenite and magnetite - five of the 
seven cumulus phases near the top of the UUMZ.  As shown below, however, the 
resulting composition cannot be the parent magma to the UUMZ because it is not initially 
saturated in orthopyroxene, the primary cumulus phase directly above the Pyroxenite 
Marker. 
 
2.3  The Roof of the Bushveld Complex  
 The rocks immediately overlying the Bushveld Complex include the Rooiberg 
Group lavas, the Rashoop Granophyre Suite, and the Lebowa Granite Suite (Fig. 1).  The 
Rooiberg Group has been subdivided into four formations.  At the base is the Dullstroom 
Formation, a sequence of mainly basaltic to andesitic lavas (Buchanan et al., 1999) found 
only in the eastern limb.  The Dullstroom Formation is found almost exclusively below 
the Bushveld Complex, although it may also exist above the Bushveld Complex in one 
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small area near Loskop Dam (e.g. Schweitzer et al., 1995a).  Elsewhere, the Bushveld 
Complex is directly overlain by the Damwal Formation.  The Damwal Formation consists 
of relatively homogeneous, low-Mg andesites and rhyolites (Buchanan et al., 2002; 
Schweitzer and Hatton, 1995; Schweitzer et al., 1997).  The 3rd and 4th layers in the 
sequence are the Kwaggasnek and Schrikkloof Formations (also referred to as the Lower 
and Upper Selons River Formations, and the Doornkloof and Kilpnek Formations 
[SACS, 1980; Schweitzer et al., 1995b; Twist, 1985]), which become progressively more 
rhyolitic with stratigraphic height.  The Kwaggasnek and Schrikkloof Formations exist in 
isolated areas scattered widely across the Transvaal basin, suggesting that they were once 
laterally extensive (see Chapter 1).   
 The original extent and thickness of the Rooiberg sequence is poorly constrained 
because of lack of preservation and the fact that its relationship with the Rashoop 
Granophyre Suite, with which it is intimately associated, is unclear.  Noting the striking 
similarity in composition between the granophyre and the lavas, von Gruenewaldt (1972) 
proposed that the former represent remobilized Rooiberg roof material that was intruded 
into the unmelted lava sequence somewhat more distant from the contact—i.e., the 
granophyre is completely re-melted Rooiberg lava.  Walraven (1985; 1987) argued that 
there exist within the Rooiberg sequence several different granophyres with different 
ages and petrogeneses, from intrusive equivalents of the Rooiberg lavas that predate the 
Bushveld Complex to less voluminous ones that formed when the Bushveld magma 
melted its Rooiberg roof.  This is further complicated by the presence of granophyre 
between the Rooiberg lavas and the later-intruding Lebowa Granites (Walraven, 1985).  
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2.4  Similarities of the Rooiberg and Bushveld: ages, isotopes, trace elements 
 Because of their ages, the magmas of the Bushveld Complex are typically thought 
to have intruded between the Dullstroom and the Damwal formations.  In actuality, few 
dates exist for either the Rooiberg or Bushveld rocks.  The most precise Rooiberg dates 
come from Walraven (1997), who reported a Pb evaporation age of 2061±2 Ma from two 
zircon populations separated from Kwaggasnek rhyolite, and from Armstrong et al. 
(unpublished), who obtained a TIMS/SHRIMP zircon U-Pb date of 2059.9±1.0 Ma but 
provided no sample information.  Additionally, a date of 2057.3±3.8 Ma is frequently 
cited for the upper Rooiberg Group lavas from Harmer and Armstrong (2000).  All dates 
are identical within error to a hydrothermal U-Pb cooling age of 2058.9±0.8 Ma obtained 
from a titanite from a calcsilicate xenolith in the Bushveld Upper Zone (Buick et al., 
2001).  These dates are not nearly as accurate as their generally high precisions would 
suggest, however.  This is illustrated by the reliable but somewhat younger U-Pb age for 
zircon from the Merensky Reef of 2054±1.3 Ma (Scoates and Friedman, 2008).  
(Armstrong et al. [unpublished] derived a similar age for Merensky Reef zircon.)  Thus, 
the relative ages of the Upper Zone and Rooiberg lavas have yet to be definitively 
determined by radiometric dating techniques. 
 Geochemically the Rooiberg Group lavas are remarkably similar to the Bushveld 
Complex.  The former show trace element depletions in Sr, Sc, Co, Ni, and P indicating 
varying degrees of fractional crystallization of plagioclase, pyroxene, olivine and apatite 
prior to eruption (Buchanan et al., 2002) – all abundant minerals of the Upper Zone.  
Additionally, Sr and Nd isotopic data indicate that the compositions of Rooiberg and 
Bushveld rocks are similar.  Using data from Sharpe (1985) and Kruger et al. (1987), a 
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homogeneous average bulk-rock initial 87Sr/86Sr ratio of 0.7073* is present throughout 
the UUMZ stratigraphy (*indicates the value is re-calculated to 2.06 Ga).  The Damwal 
lava samples have a median 87Sr/86Sr ratio of 0.7071* (Buchanan et al., 2004).  (Because 
of the large range in reported values, the median value is more representative than the 
average for these samples.)  The one geologically reasonable analysis of Kwaggasnek 
lava yielded a ratio of 0.7075* (Buchanan et al., 2004).  The Nd isotopic composition of 
the Rooiberg Group is better characterized than the Bushveld Complex UUMZ.  In fact, 
the UUMZ is known from only one bulk-rock analysis, which yielded a 143Nd/144Nd ratio 
of 0.50965* (Tanaka and Masuda, 1982).  This value is slightly higher but within the 
range of those reported for the Damwal and Kwaggasnek lavas (Buchanan et al., 2004).  
  
 Many workers have questioned the relationship between the intrusive mafic rocks 
of the Bushveld Complex and the lavas of the Rooiberg Group.  Hatton and Schweitzer 
(1995) proposed a possible scenario for the contemporaneous extrusion of Rooiberg lavas 
and intrusion of the different zones of the Bushveld Complex.  In their model, the 
Rooiberg lavas represent partial melts of lower crust formed due to the heat of the rising 
Bushveld diapir, with the Dullstroom lavas representing mixtures of crustal melt with an 
early Bushveld mafic magma and the Damwal, Kwaggasnek, and Schrikkloof lavas 
representing pure crustal melts expelled at various times during Bushveld magmatism.  
Maier et al. (2000) proposed a variant of this model, suggesting that all of the Rooiberg 
lavas formed by mixing between a mafic source and melted lower crust.  In their 
scenario, the increasingly rhyolitic composition of the Rooiberg lavas with stratigraphic 
height is the result of an increased proportion of lower crust involved in the mixing. 
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 Buchanan et al. (2002) showed, however, that neither of these hypotheses could 
account for the major and trace element geochemistry of the Rooiberg Group.  Instead, 
they proposed that the Rooiberg lavas represent mantle-derived melts that underwent 
both crustal assimilation and significant differentiation in two or more shallow magma 
chambers.  In fact, on the basis of Sr and Nd isotopic similarities, Buchanan et al. (2004) 
suggested that the Rooiberg Group lavas “may have resided in the same magma chamber 
suggested as an intermediate residence for the magmas of the RLS.” 
 What is clear from the cumulates of the Bushveld Complex, however, is if some 
amount of evolved magma escaped from the Bushveld magma chamber, it must either be 
manifest as some fraction of the Rooiberg lavas and/or Rashoop granophyres, or it has 
since been eroded away.  Significant erosion can be ruled out by the preservation of the 
Waterburg Group sediments (2054 ± 4 Ma – Dorland et al. [2006]) deposited on top of, 
but only shortly after, the formation of the Rooiberg Group and Bushveld Complex.  
 I propose that one of the shallow magma chambers invoked by Buchanan et al. 
(2004) was the Bushveld Complex itself, and specifically the UUMZ.  In order to test this 
hypothesis, I present the results of MELTS thermodynamic modeling in which 
incremental amounts of Rooiberg lavas and Rashoop granophyre are added to the bulk 
composition of the UUMZ to produce a viable parent magma composition.  I then verify 
the results of the MELTS modeling by assessing major and trace element equilibrium 
between the proposed parent magmas and the phases at the base of the UUMZ. 
 
3.  Methods  
3.1  Geochemical Analyses  
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 Twenty-eight new samples collected from the UUMZ in the eastern Bushveld 
were analyzed by XRF for bulk-rock major element compositions at the Washington 
State University Geoanalytical Laboratory (Table 1).  Due to the difficulty of calibrating 
XRF data at high Fe concentrations, no bulk-rock magnetitite samples were analyzed. Of 
the twenty-eight bulk rock samples analyzed by XRF, eighteen were dissolved and 
analyzed by ICP-MS for rare earth element concentrations at Lamont-Doherty Earth 
Observatory (Table 1b).  For each sample 50 mg of finely ground rock powders (<50 
microns) were digested in 3 ml of HNO3 and 1 ml of HF in a capped Teflon vial.  The 
samples were then cooked on the hotplate sub-boiling for 6-24 hours or until clear/white.  
Samples were then uncapped and put on the hotplate to dry without burning.  Then 3 ml 
of HNO3 and 2 ml of DD H2O were added to the dry samples and returned to the hot 
plate for an additional few hours until redissolved.  This solution was then diluted 2000x 
and sonicated to ensure total dissolution.   
 Four standards (JA2, W2, JB-3, K1919), a drift sample, a blank, and two 
standards analyzed as unknowns (BR24, RGM) were used to calibrate machine drift, 
background, composition, and precision during analyses on the ICP-MS.  Calibration 
regressions for all elements had r2≥ 0.999. Additionally, each sample was measured twice 
with an average percent difference for all samples and all elements of < 3%. 
 Electron microprobe analyses (Fig. 3) of pyroxene (Table 2), plagioclase (Table 
3), olivine (Table 4) and magnetite (Table 5) were determined using the Cameca SX100 
microprobe at the American Museum of Natural History.  An acceleration potential of 15 
keV, beam current of 20 nA, count times of 30 seconds on peak and 15 seconds on 
background, and a beam diameter of 1-5 microns were used.  As a check, standards were 
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regularly reanalyzed with unknowns; their compositions were consistently reproduced to 
within 2-sigma uncertainty of the known composition. 
 In situ laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) 
trace element analyses were conducted at the Lamont-Doherty Earth Observatory – 
American Museum of Natural History ICP-MS facility using a VG PlasmaQuad ExCell 
ICP-MS equipped with a New Wave UP-193-FX excimer laser ablation system.  
Standards BCR, BIR and BHVO were regularly reanalyzed for continuous calibration 
accounting for machine drift.  The standards NIST610 and NIST612 were regularly 
reanalyzed as unknowns to ensure accuracy.   
 LA-ICPMS operating conditions for each mineral were chosen to optimize signal 
time and precision.  For pyroxenes a spot size of 40 microns was used with an operating 
power of 2.2 GW/cm2 and 10 Hz beam current.  Plagioclases were analyzed with a spot 
size of 75 microns, 1.9 GW/ cm2 and 10 Hz.  For each analysis, the location of the spot 
was determined with a petrographic microscope attached to the laser apparatus with both 
plane and crossed-polar light capabilities in order avoid exsolution lamellae (in the case 
of pyroxenes) or secondary alteration.  In all cases the core of the mineral was analyzed 
so as to maximize the likelihood of obtaining the original igneous phase compositions.  
For all elements, the calibration regression had an r2 > 0.99. 
 
3.2  Choice of basaltic liquid evolution program 
 To identify a parent magma in equilibrium with the phases at the base of the 
UUMZ, I employed the MELTS Gibbs free energy minimization algorithm of Ghiorso 
and Sack (1995) and the front-end application Adiabat_1ph of Smith and Asimow 
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(2005).  MELTS is calibrated on an extensive experimental database and is applicable at 
a range of oxygen fugacities, pressures, and initial compositions from basaltic to 
rhyolitic.  The parent magmas input into the MELTS program for this study are well 
within the range of mid-ocean ridge basalts upon which the program is calibrated (Fig. 4).  
While MELTS does not perfectly reproduce the liquid line of descent (see below), it is 
the best tool of its kind available for this study.  For example, the program COMAGMAT 
(Ariskin et al., 1993), which can also be used for tracking melt composition during 
fractional crystallization, prompts the user to choose a low-Ca pyroxene composition, 
while here I seek to find a melt composition that independently determines which 
pyroxene is stable and calculates its composition.  
 
3.3  MELTS Modeling Parameters 
 All MELTS runs were isobaric and run via fractional crystallization in which 
temperature was decreased in 10 degree increments.  Crystallization was stopped when 
temperature fell to 700 °C.  
 The calculation of a crystallization sequence requires knowledge of the oxygen 
fugacity (fO2).  The constraint on fO2 comes from the point at which magnetite appears in 
the section.  Magnetite is the first oxide to crystallize in the UUMZ, which indicates, 
based on the experiments of Toplis and Carroll (1995), that fO2 was likely to have been at 
or above the fayalite-magnetite-quartz (FMQ) buffer at this point in the crystallization 
sequence.  Magnetite enters as a cumulus phase approximately 650 m above the 
Pyroxenite Marker (27% of the extant rock column).  Due to its high density relative to 
the liquid and all other cumulus phases, the level of the stratigraphically lowest 
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magnetitite seam (LS1 of Molyneux, 1974) is taken to be equivalent to the point at which 
magnetite becomes stable in the liquid.  (This is approximately 25 m above the first 
appearance of cumulus magnetite in the UUMZ, but for the present purpose this 
difference is negligible.)  An fO2 near FMQ provides a good fit for the observed and 
calculated points at which magnetite appears in the crystallization sequence. 
 Oxygen fugacity is further constrained to have been near FMQ by the presence of 
fayalitic olivine in the upper portions of the extant rock column.  In MELTS runs in 
which the fO2 was fixed relative to a buffer, either olivine did not appear until late in the 
sequence, or it was entirely absent.  However, fayalitic olivine (Fo < 45) enters the 
crystallization sequence after approximately 50% crystallization of the extant rock 
column.  To investigate the discrepancy, I also conducted a series of MELTS experiments 
allowing fO2 to vary during crystallization.  While these runs generally did produce 
fayalitic olivine earlier in the crystallization sequence, fO2 fell to geologically 
unreasonable levels (FMQ -6) as crystallization proceeded.  I therefore place more 
confidence in, and thus report only, the results of MELTS runs in which fO2 is fixed. 
 One constraint on the pressure of the UUMZ during crystallization is given by 
Wallmach et al. (1995), who calculated a pressure of < 150 MPa for the formation of a 
calc-silicate xenolith in the UUMZ of the eastern Bushveld.  The xenolith is located 
approximately 1.5 km stratigraphically above the base of the UUMZ, corresponding to a 
pressure difference between it and the start of crystallization of approximately 50 MPa.  
Thus, an initial pressure of 200 MPa was used in all MELTS runs.    
 The UUMZ gabbros themselves provide two constraints on the H2O content of the 
magma.  First, the apatite present in the upper third of the Upper Zone is essentially 
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fluorapatite with only a low hydroxyl-apatite component (Boudreau et al., 1986; also see 
Chapter 3).  Second, hydrous phases such as biotite and hornblende are restricted to 
interstitial assemblages but are absent as cumulus phases throughout the sequence, 
implying that the water content of the main magma body never reached levels at which 
these phases would have become stable.  Both observations suggest that water was a 
minor component of the magma.  Thus, an initial H2O content of 1 wt% is included in all 
of the model runs, which is also in accord with the average concentration in bulk-rock 
analyses reported by Bowes et al. (1997).  Because H2O is incompatible, however, it 
builds up in the MELTS runs as fractional crystallization proceeds, and eventually biotite 
becomes stable.  Therefore, biotite crystallization was artificially suppressed in the 
MELTS runs.  This likely has the effect of enhancing the abundances of both orthoclase 
and fayalitic olivine near the top of the crystallization sequence.  The MELTS runs 
suggest that the UUMZ may have remained open to H2O and oxygen during 
crystallization.  The effects of varying pressure, fO2 and H2O content on the 
crystallization of orthopyroxene in the MELTS runs is explored in Table 6.   
  
4.  Results 
4.1  The Bulk Composition of the UUMZ 
 The UUMZ major element bulk composition was determined by combining 34 
bulk-rock published analyses (Bowes et al., 1997) of samples from the Magnet Heights 
section of Molyneux (1974) with the new bulk-rock analyses from that same section 
reported here (Table 1). The new samples were selected based on their lithologic 
representativeness of the stratigraphic interval in which they were found.  Analyzed 
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samples are spaced 10 - 50 m apart throughout the section.  To generate a bulk 
composition of the UUMZ, individual analyses were weighted and summed according to 
the stratigraphic interval that they represent. 
 According to Molyneux (1974), nearly monomineralic anorthosite accounts for 
approximately 3% of the stratigraphic section above the Pyroxenite Marker.  
Compositions of the anorthosite layers were determined from a total of 9 bulk-rock 
analyses.  These analyses were then weighted to the thickness of the anorthosite layers 
they represent according to the stratigraphic column of Molyneux (1974). 
 Nearly monomineralic magnetitite layers account for approximately 1% of the 
Upper Zone stratigraphy (Molyneux, 1974).  To establish their compositions, I 
determined the composition and proportion of magnetite and ilmenite in each magnetitite 
layer via electron microprobe.  Collectively they are estimated to be composed of 85% 
titanomagnetite + 15% ilmenite based on petrographic examination, while the Main 
Magnetite Layer is estimated to be composed of 100% titanomagnetite (Usp39Mt61 from 
electron microprobe analysis).  Each sample analyzed was then weighted for the 
magnetitite layer thickness it represents and added back to the bulk composition.  
Imprecisions in these estimates do not significantly influence the calculated bulk 
composition. 
 The calculated bulk composition of the UUMZ is presented in Table 7.  By 
employing a jackknife statistical re-sampling technique I am able to show that the UUMZ 
bulk composition calculated here is highly robust and is unlikely to change with 
additional sampling (see Table 9 and discussion therein).  This composition is improved 
over that of Tegner et al. (2006) for two reasons.  First, of the thirty three bulk-rock 
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compositions reported by von Gruenewaldt (1971) from the Magnet Heights section of 
Molyneux (1970) and used by Tegner et al. (2006) in their average, six are anorthositic.  
This translates to roughly 18% of the total, but anorthosite layers constitute only 3% of 
the total stratigraphy.  Second, Tegner et al. (2006) averaged the analyses to generate 
bulk compositions of the subzones of the UUMZ and then generated a bulk composition 
by weighting the subzone compositions by their stratigraphic thicknesses.  By doing this, 
closely spaced samples (e.g. 5 - 10 m apart) within a subzone were given the same weight 
as samples representing far larger proportions of the cumulate sequence (e.g.  >100 m 
apart), resulting in a bulk composition not only biased towards that of the densely 
sampled sections of the stratigraphy, but also potentially biased towards the subzones 
with the largest total thickness regardless of sampling density.  This approach yielded a 
bulk composition with significantly different FeO (> 2 wt%) and Al2O3 (~1 wt%) 
contents than that reported here.  
 The bulk trace element and REE composition of the UUMZ was calculated by 
weighting each bulk-rock sample for the stratigraphic range it represents, in the same way 
as done for the major element composition.  Because no samples from magnetitite layers 
were included in the bulk composition, V (ppm) and Cr (ppm) data on magnetitite layers 
in the eastern Bushveld were taken from Reynolds (1986).  These data were incorporated 
into the bulk UUMZ composition by taking a weighted average for all magnetite layers 
reported in order to get a bulk magnetitite layer composition.  Magnetite layers comprise 
approximately 1% of the extant UUMZ rock column.  Accordingly, the bulk magnetitite 
composition was added to the UUMZ bulk composition with a “stratigraphic weight” of 
1%. 
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 4.2  Observed and Calculated Modes 
 The modal abundances of all major phases were calculated for each sample by 
least squares (Bryan et al., 1969) using the bulk-rock analyses and major-element mineral 
compositions determined by electron microprobe (Tables 2-5; Fig. 3).  The derivation of 
modal abundance from bulk composition will inevitably fail to account for pigeonite 
because it has inverted to orthopyroxene containing clinopyroxene lamellae.  In 
pigeonite-bearing rocks (those above 2830 m in the stratigraphic column) all of the 
orthopyroxene calculated by the least squares method is reported as primary pigeonite.  
While this method results in a small bias towards the Ca-bearing phases (i.e., 
clinopyroxene and plagioclase) in the least squares analysis, the resulting values are 
within a few percent of the true values.  In the figures and discussion that follow, the 
assumption is that these modes reflect true cumulus modes, as opposed to total-rock 
mode.  This assumption was verified by the petrographic observation that equant (i.e. 
cumulus) phases far dominate the modes of all individual samples.  The calculated modal 
percentages were also confirmed by visual inspection in thin section. 
 In order to simulate fractional crystallization, MELTS calculates the composition 
and mass of each phase at each temperature step and subtracts them from those of the 
bulk liquid to generate both a new liquid composition and mass.  To get the “rock mode” 
at each temperature step the phase proportions (in volume) are summed and set to one, 
and the percentage of each phase is calculated.  The percent liquid remaining (y-axis, Fig. 
5) was converted to a stratigraphic depth assuming either no magma loss (i.e. Figure 5b, 
where 1% corresponds to 24.25 m because the total depth of the extant rock column is 
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equal to 2425m), or 15% magma loss (i.e. Figure 5d-g, where 1% corresponds to 28.5 m 
because the original magma chamber would be 2425 m = 0.85X; X = 2852 m).  The 
calculation of modes in this manner obviously does not take into account crystal settling 
or other dynamic magma chamber processes, which impact the observed rocks but not the 
liquid line of descent. 
 
4.3  MELTS major element modeling  
 As noted, the estimated parent magma composition of the UUMZ must (1) 
initially crystallize the assemblage orthopyroxene and the other observed cumulus phases 
at the base of the section, (2) crystallize minerals of the observed compositions, and (3) 
generally reproduce the observed paragenetic sequence.  
 
4.3.1  Crystallization of Orthopyroxene at the base: MELTS modeling results 
 The MELTS results for the bulk UUMZ composition + 1 wt% H2O show that this 
composition does not satisfy the first order constraint of initial orthopyroxene 
crystallization (Fig. 5, column b).  Thus, consistent with the conclusion of Cawthorn and 
Walraven (1998), the existing cumulate sequence does not constitute the bulk liquid from 
which it formed, and some amount of magma must have escaped.  The parent magma 
composition of Tegner et al. (2006), in which a liquid in equilibrium with most UUMZ 
phases was added to their bulk composition, also does not crystallize orthopyroxene at 
the base (Fig. 5, column c).  
 MELTS results of the UUMZ bulk cumulate plus the overlying Rooiberg Group 
lava units are presented in Figure 5, columns d-f.  The Rooiberg lava compositions used 
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to generate the parent magma compositions are from Schweitzer et al. (1997) and are 
provided in Table 7.  These were chosen because of the distinction between Kwaggasnek 
and Schrikkloof lava compositions, whereas Buchanan et al. (2002) provided analyses of 
the Dullstroom, Damwal, and Kwaggasnek but not the Schrikkloof lavas.  Regardless, 
both sets of data yield similar results in the MELTS runs.  Each of the Rooiberg units was 
added back to the bulk composition in increments of 5% until a composition initially 
saturated in orthopyroxene was found.  This constraint was satisfied by parent magmas in 
which a minimum of 15% and a maximum of 25% Damwal, Kwaggasnek, or Schrikkloof 
lava were added to the bulk UUMZ composition (Table 7).  Due to the similarity in 
composition between the Rooiberg lavas and the Rashoop granophyres, I also 
investigated a parent magma in which the latter represents the expelled melt.  Not 
surprisingly, this parent magma also crystallizes orthopyroxene as the primary phase with 
15% - 25% granophyre addition (Fig. 5, column g). 
 With two exceptions, all bulk compositions in the MELTS runs that initially 
crystallize orthopyroxene also generally reproduce the paragenetic sequence inferred 
from the observed stratigraphic sequence.  For example, titanomagnetite enters as a 
cumulus phase in the MELTS runs after approximately 25% crystallization (Fig. 5, 
columns d-f), similar to what is seen in the UUMZ, and apatite enters after approximately 
70% crystallization, also identical to the observed UUMZ stratigraphy. 
 
One exception is the significantly delayed appearance of fayalitic olivine.  As 
discussed previously, this is likely due to the parameterization of fO2 in the MELTS 
simulations.  A second discrepancy concerns the nature of the pyroxenes at the base of 
the section.  In the MELTS simulations clinopyroxene appears somewhat later than in the 
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actual rock column and pigeonite replaces orthopyroxene at about the point when 
clinopyroxene becomes stable (Fig. 5).  It can be seen, however, that the observed UUMZ 
rocks suggest the paragenetic sequence opx  opx + plag + cpx  pig + plag + cpx.  
This discrepancy results from the fact that the differences in Gibbs free energies among 
the competing pyroxenes are small.  Thus, the discrepancy almost surely reflects a 
problem with the MELTS calibration.  This problem should only arise, however, when 
there is more than one pyroxene at or near the liquidus – i.e. the choice of the second 
pyroxene phase, pigeonite or clinopyroxene, after orthopyroxene – and does not affect 
MELTS’s ability to identify the composition of the first phase on the liquidus.  Thus, I 
am confident in the use of MELTS to identify a parent magma with orthopyroxene as the 
initial crystallizing phase.  As an aside, the late appearance of clinopyroxene in the 
MELTS simulations may have an additional cause that cannot be ruled out.  Putirka et al. 
(1996; 2003) has shown that MELTS does not perfectly reproduce the appearance of 
clinopyroxene when given experimental melt compositions with clinopyroxene on the 
liquidus. 
 
4.3.2  Mineral Compositions: Agreement with MELTS Output 
 The mineral compositions predicted by the MELTS runs deviate slightly from the 
actual observed compositions.  In particular, the composition of orthopyroxene at the 
base of the column is En70Fs27Wo3, while the first orthopyroxene to crystallize in the 
MELTS runs is approximately En73Fs23Wo4.  For plagioclase, those just above the 
Pyroxenite Marker have a composition of An73Ab26Or1, whereas MELTS returns a 
composition of An75Ab24Or1.  These slight discrepancies may be because MELTS 
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overestimates liquidus temperature (e.g., Hirschmann et al., 1998).  In the case of 
orthopyroxene, an alternative is that the observed composition may have been modified 
by sub-solidus re-equilibration with clinopyroxene.  Consistent with this is the fact that 
observed clinopyroxene compositions also display proportionally higher En-Wo than 
predicted by MELTS (En44Fs11Wo45 in the UUMZ versus En43Fs17Wo40 in all of the 
MELTS runs).  Regardless of these slight discrepancies, MELTS predicts mineral 
compositions nearly identical to the observed UUMZ for all runs in which orthopyroxene 
is the primary phase. 
  
4.4  Major Element Crystal-Liquid Equilibrium Compositions 
 As an independent test of the MELTS results, I use the measured mineral 
compositions at the base of the UUMZ to determine an equilibrium liquid composition.  
While some sub-solidus re-equilibration is likely to have affected the observed mineral 
compositions, particularly pyroxene Fe/Mg, taken as a whole they still provide useful 
constraints on the composition of the equilibrium liquid.   





(Feliq /Mgliq ) = 0.2 " 0.3  (Bedard, 2007) 
 Bedard (2007) estimated the Fe-Mg exchange for orthopyroxene-melt to be 
between 0.2 and 0.3, with melts having MgO > 12 wt% displaying near constant Kd = 
0.3.  For melts with MgO < 12 wt%, the Kd decreases gradually from 0.3 to 0.2.  The 
MgO content of the liquid in equilibrium with the base of the UUMZ is likely to have 
been between 5 and 7 wt%, equivalent to a Kd between 0.24 and 0.27.  For the purpose of 
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this study, I choose a Kd Fe-Mg of 0.25 for orthopyroxene-liquid, similar to that 
identified by Baker and Eggler (1987) for anhydrous basalt.   
 Estimates of Fe/Mgliq from orthopyroxene at the base of the UUMZ are within the 
range of the proposed parent magmas (Table 9).  The effect of sub-solidus re-
equilibration will be for orthopyroxene to gain Fe from clinopyroxene, thus increasing 
Fe/Mgopx and predicted Fe/Mgliq (Saxena et al., 1986).  The effects of these re-
equilibrations will be greatest on the less abundant phase.  Orthopyroxene is 
approximately 2-4 times more abundant than clinopyroxene in the gabbros directly above 
the Pyroxenite Marker, so subsolidus reequilibration will have relatively little effect on 
its composition.  At the base of the UUMZ, the predicted equilibrium Fe/Mgliq from 
orthopyroxene is consistent with the proposed parent magma compositions calculated by 
adding 15-25% Rooiberg lavas to the UUMZ composition, but is inconsistent with the 
hypothesis that the UUMZ crystallized as a closed system (Table 9a,c). 
 Plagioclase is the dominant phase throughout the entire UUMZ and in many cases 
it makes up more than 50% of the mode.  Unlike the pyroxenes, however, plagioclase has 
the added benefit of being relatively unsusceptible to sub-solidus re-equilibration.  The 
Ca/Na content of the equilibrium liquid can be calculated from plagioclase following: 
! 
(Caplag /Naplag )
(Caliq /Naliq ) =1.56  (Aigner-Torres et al., 2007) 
 The plagioclase Ca-Na Kd can vary substantially due to its large dependencies on 
temperature and aH2O.  A recent experimental estimate of DCa = 1.26, and an estimate of 
DNa = 0.806 in a natural MORB sample (Aigner-Torres et al., 2007), can be used to 
calculate an approximate Kd of 1.56.  Using this estimate, the calculated Ca/Na 
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equilibrium liquid from plagioclase at the base of the UUMZ agrees well with the Ca/Na 
of the proposed parent magmas of this study in which 15 – 25% Rooiberg lavas are 
added, and is significantly different from the bulk UUMZ composition (Table 9b, c).   
 
4.5  Trace Element Crystal-Liquid Equilibrium Compositions 
 The concentration ranges of a number of trace elements, notably Sr, Cr, Ni, Zn 
and Cu, in the proposed parent magmas and the bulk UUMZ composition are very similar 
(Table 7), and thus do not serve as suitable tests for my hypothesis.  The trace elements 
Zr, Y, Ba, Rb, and the REEs however, are sufficiently different to warrant their use as a 
test for trace element equilibrium.  Here I present crystal-liquid equilibria for these 
elements compared with the proposed parent magmas (Tables 10 and 11). The full trace 
element datasets for pyroxene and plagioclase at the base of the UUMZ are available in 
Tables 12-14.   
  
4.5.1.  Zr and Y in Orthopyroxene   
 The choice of appropriate trace element partition coefficient depends on the major 
element composition of the phase.  Dunn and Sen (1994) published a series of 
experiments on orthopyroxene partition coefficients (Ds) for basaltic – andesitic magmas 
at 1 bar.  They reported a DZr of 0.021 and DY of 0.19 for orthopyroxene in the range of 
En67-75Fs21-29Wo3-4, as is found at the base of the UUMZ.  Using these values and the 
measured orthopyroxene compositions, the equilibrium liquid at the base of the UUMZ 
contained between 145 and 215 ppm Zr and between 17 and 22 ppm Y (Table 10a).  
Thus, for both Zr and Y the calculated concentrations in the equilibrium liquid overlap 
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(or slightly above in the case of Zr) those of the proposed parent magmas (74-173 ppm 
Zr; 17-35 ppm Y), but they are significantly greater than the 21 ppm Zr and 10 ppm Y of 
the bulk UUMZ (Fig. 6).   
 
 
4.5.2  Ba and Rb in Plagioclase  
 
 Plagioclase trace element partition coefficients vary considerably with major 
element composition.  The dependence of DBa and DRb varies with the mole fraction of 
anorthite (XAn) following: 
  RT ln DBa = 10200 – 38200·XAn  (Blundy and Wood, 1991)   
  RT ln DRb = -40·XAn – 15.1  (Bindeman et al., 1998)   
Using these equations and a constant T = 1100°C, the calculated equilibrium liquid at the 
base of the UUMZ contained approximately 337 ppm Ba and between 31 and 34 ppm Rb 
(Table 10b).  These predicted values both fall within their respective ranges in the 
proposed parent magmas (228-425 ppm Ba, 29-76 ppm Rb), but again they are 
significantly greater than the UUMZ bulk composition of 117 ppm Ba and 5 ppm Rb 
(Fig. 6).    
 
4.5.3  Rare Earth Elements 
 Clinopyroxene is the best phase available to study the partitioning of rare earth 
elements because its M2 site is typically more accommodating to 3+ cations than that of 
orthopyroxene or plagioclase.  Orthopyroxene typically does not accept light REE and 
plagioclase rarely has detectable amounts of middle or heavy REE past europium.  For 
these reasons I present the equilibrium liquids calculated from all three phases for 
comparison (Table 11).  For clinopyroxene analyses, great care was taken to avoid any 
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grains that may be intercumulus, and the clinopyroxene-orthopyroxene partition 
coefficients for all samples are constant suggesting equilibrium. 
 For orthopyroxene, the partition coefficient compilation of Bedard (2007) is 
particularly useful for the rare earth elements due to the high degree of correlation 
between DREE and Opx Mg#. Predicted equilibrium liquids for plagioclase rare earth 
elements were calculated following Bindeman et al. (1998) and Bindeman and Davis 
(2000).  And for clinopyroxene, equilibrium liquid REE compositions were calculated 
using the lattice strain model of Wood and Blundy (1997).  The range of calculated REE 
liquid compositions for all three phases are provided in Table 11 and Figure 7. 
 
5.  Discussion  
5.1  Amount and Composition of the Expelled Melt  
 Two lines of evidence provide the basis for the conclusion that the bulk UUMZ 
composition does not represent a viable liquid composition, and thus some amount of 
magma must be missing.  The first is the mass balance calculations of Cawthorn and 
Walraven (1998) suggesting that there is not enough Zr and K in the cumulate rocks to 
account for the amount input into the system (a conclusion corroborated by bulk-rock 
trace element analyses from this section, see Figures 6 and 7).  The second is the lack of 
orthopyroxene saturation in the MELTS runs using the bulk composition of the UUMZ 
alone (Fig. 5). 
 The proposed parent magmas in which Rooiberg Group lava or Rashoop 
Granophyre is added to the UUMZ bulk composition satisfy all three of the criteria for an 
original parent magma of the UUMZ.  First, they produce primary orthopyroxene at the 
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beginning of the crystallization sequence (Fig. 5).  Second, the proposed parent magma 
compositions are consistent with estimates of major element (Table 9) and trace element 
(Table 10) equilibrium liquid compositions calculated from the observed mineral 
compositions.  Third, for each of the proposed parent magma compositions, MELTS is 
able to approximate the observed paragenetic sequence, with the exception of fayalitic 
olivine, via fractional crystallization (Fig. 5).  
 In addition to constraining the parent magma composition of the UUMZ, the 
MELTS results allow me to estimate the amount of magma lost from the chamber.  
Specifically, my results suggest that between 15-25% of the original UUMZ magma 
chamber was expelled (Fig. 5).  Due to the highly evolved compositions of the Rooiberg 
lavas and Rashoop Granophyre, this most likely occurred late in the crystallization 
sequence after significant fractional crystallization had taken place. 
 A simple independent test of this hypothesis can be made to verify these results.  
As shown in Figure 3, the major and trace element phase compositions become 
progressively more evolved with increasing stratigraphic height.  This suggests that the 
UUMZ magma generally evolved via fractional crystallization from the Pyroxenite 
Marker all the way to contact with the roof.  Neglecting potentially important small-scale 
dynamic magma chamber processes for the purposes of this study, it can be assumed that 




= F (D"1)  
Where Cexpelled melt is the trace element composition of the missing UUMZ magma, Cparent 
magma is the parent magma in which Rooiberg lava is added to the bulk UZ composition, F 
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is the fraction of liquid remaining, and 
! 
D is the bulk distribution coefficient for the 
element in question.  This equation predicts that a parent magma composition with 25% 
Rooiberg Group lava added to the bulk UUMZ should produce a fractionated liquid with 
the composition of the Rooiberg lava after approximately 75% crystallization (F=0.25).   
As an example calculation I take Zr, which has a clinopyroxene-melt partition coefficient 
of 0.283 (Hill et al., 2000) and an orthopyroxene-melt partition coefficient of 0.046 
(Dunn and Sen, 1994).  To make calculations simple, I assume all other phases have D 
<<0.  Throughout the gabbros of UUMZ clinopyroxene makes up approximately 25 – 
35% of the mode and orthopyroxene (and later pigeonite) approximately 15%.  Thus, if I 
assume the DZr for all other phases is negligible, the bulk DZr = (0.283 * 0.3) + (0.046 * 
0.15) + (0 * 0.65) = 0.09.  Figure 8 shows a subset of results of this simple fractional 
crystallization calculation for the 15% and 25% Kwaggasnek lava proposed parent 
magmas and the observed Kwaggasnek lavas.  In all of the proposed parent magma-lava 
pairs, the fraction of liquid remaining is strikingly close to the amount added back.  For 
the parent magma in which 25% Kwaggasnek lava is added to the bulk UUMZ, a 
composition of remaining liquid equal to that of the observed Kwaggasnek lava is 
predicted to be present with approximately 25% liquid remaining (F = 0.25). 
 Further attempts to refine this calculation can be done by accounting for the 
changing Mg#, and thus partition coefficient, for clinopyroxene; as well as attempts to 
better constrain the partition coefficients of other phases throughout the stratigraphy, 
particularly in the case of apatite, which becomes a minor phase in the uppermost 625 m 
of stratigraphy.  However, given the assumptions involved, the agreement between the 
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proposed parent magmas, the bulk UUMZ stratigraphy, and the Rooiberg group lava 
compositions is quite striking.   
 
 
5.1.1  Calculating Oxygen Fugacity 
 Due to the dependence of the valence state of europium (Eu2+ or Eu3+) on the 
oxygen fugacity of the system, the partitioning of Eu between adjacent phases can be 
used to calculate fO2.  Eu2+ is a highly compatible element in plagioclase, however Eu3+ 
is strongly incompatible.  McKay et al. (1994) calibrated the relationship of Eu in 
plagioclase and clinopyroxene pairs in order to study the oxygen fugacity of meteorites.  
Using this calibration and the data presented in Tables 12 and 14, an oxygen fugacity 
between 0.5 and 1.0 log units below the quartz-fayalite-magnetite buffer is calculated for 
the UUMZ parent magma (Fig. 9).  This is slightly lower than the QFM constraint used 
for the MELTS calculations; however, additional runs of all compositions at QFM-0.5 
also return orthopyroxene as the first crystallizing phase. 
 
 
5.2  Geological Considerations 
 The translation of the percentage of magma lost into an absolute volume of 
escaped liquid is complicated by limited knowledge of the original extent and 
connectivity of the Bushveld Complex.  Considering the Rooiberg first, the simplest 
assumption is that the thickness of the lava suite should be in proportion to the amount of 
magma expelled from the UUMZ chamber.  Twist (1985) estimated that the Rooiberg 
lavas in the area of Loskop Dam are 3560 m thick and gradually thicken to 5110 m to the 
east (as mapped by Clubley-Armstrong [1977]).  In the Loskop Dam area, the Damwal is 
by far the most voluminous formation with a thickness of 1065 m, while the Kwaggasnek 
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and Schrikkloof formations average 275 m thick and 340 m thick, respectively (n.b. the 
remaining Rooiberg thickness consists of upper Dullstroom and interbedded sedimentary 
rocks).  In the eastern Bushveld, the UUMZ is approximately 2425 m thick.  If the 
subaerial extent of the Rooiberg lavas and the UUMZ were roughly similar at the time of 
formation, then the proportional volumes can be calculated from the relative thicknesses 
of the units (Table 11).  The Kwaggasnek and Schrikkloof lava thicknesses are well 
within the range predicted by this study.  While the Damwal percentage is too high 
(~30%), it should be noted that the Damwal is only present in the eastern Bushveld, and 
therefore its thickness may not be accurately equated with amount of magma expelled.   
 Quantification of the extent of the Rashoop Granophyre Suite is complicated not 
only by uncertainty in its stratigraphic distribution, but also its origin.  Walraven (1985) 
suggested that the total thickness of Rashoop Granophyre Suite can be in excess of 1000 
m but argued that there are at least three distinct types of granophyre with different 
origins.  The most voluminous is the Stavoren Granophyre, which has a geochemical 
signature nearly identical to that of the Kwaggasnek or Schrikkloof lavas and was 
interpreted by Walraven (1985) to have formed as the intrusive equivalent to the lavas.  A 
second type, known as the Diepkloof Granophyre, is found only in the eastern Bushveld, 
is similar in composition to the Damwal Formation, and was interpreted to have formed 
by remelting of Damwal lava in contact with the Bushveld magmas.  Third is the 
Zwartbank Pseudogranophyre, which contains sedimentary xenoliths which is restricted 
to regions where the RLS is overlain by Pretoria Group metasediments and thus may 
have formed by partial melting of those rocks.  The lack of clear field relations and the 
compositional similarity with the Rooiberg lavas make it impossible to determine 
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whether or not some or all of the Rashoop Granophyre represent melt expelled from the 
UUMZ. 
 Regardless of the role of the granophyre, a number of previously puzzling field 
observations become much more clear if the Bushveld magma chamber was the source of 
the Rooiberg lavas.  First, eruptive centers for the Rooiberg lavas have never been 
identified (Eriksson et al., 1995; Twist and French, 1983).  This is very unusual among 
large volume silicic eruptions, which typically display clear evidence of caldera-forming 
events and extensive ash flow tuffs (e.g., the Fish Canyon tuff).  The absence of clear 
eruptive centers for the Rooiberg felsites suggests that the source of the lavas was 
effusive, perhaps occurring by fissure eruption from a number of shallow source 
chambers, in contrast to a conduit-fed eruption from a deep crustal source.  Second, there 
are no sills or dikes of mafic material present anywhere in the Rooiberg Group lavas (J. 
Schweitzer, personal communication), as would be expected had the Bushveld intruded 
into the lava sequence. 
 
5.3  Formation of the Rooiberg Group lavas 
 Such a large volume of anorogenic rhyolite as the Rooiberg Group must represent 
one of two processes: partial melting of continental crust, or differentiation of a large 
body of mafic magma (as proposed in this study).  If the Rooiberg represents a partial 
melt of the continental crust mixed with mafic, mantle-derived melt, (1) it should possess 
crustal isotopic signatures, which should vary depending on the mixing proportions of 
melted crust and mantle-derived mafic magma, and (2) its major element composition 
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should be consistent with partial melting of a crustal source.  Both of these criteria are 
examined below. 
 In all of the crustal melting scenarios proposed for the Rooiberg to-date (Hatton 
and Schweitzer, 1995; Maier et al., 2000), the proportion of crustal component increases 
with increasing stratigraphic height from the Damwal to the Schrikkloof.  Yet, as 
Buchanan et al. (2004) pointed out, there is greater isotopic variability within each 
formation than between them.  The lack of systematic variation in isotopic composition is 
thus inconsistent with the idea of progressively increased crustal assimilation.   
 Additionally, the isotopic similarity between the dacitic - rhyolitic Rooiberg 
Group lavas and the ultramafic - mafic cumulates of the Bushveld Complex is 
inconsistent with the idea of crustal assimilation as the source of such highly radiogenic 
compositions.  Presumably the mafic parent magmas of the Bushveld would have had a 
greater proportion of mantle-derived (i.e. less-radiogenic) magma than the felsic crustal-
derived (i.e. more-radiogenic) lavas of the Rooiberg Group.  One possible explanation, 
however, is that crustal melting is not significant for either body.  Richardson and Shirey 
(2008) showed that at least a portion of the subcontinental lithospheric mantle (SCLM) of 
the Kaapvaal Craton below the Bushveld Complex is highly radiogenic in Sr, Nd, and Os 
isotopes.  Thus, the isotopic characteristics of the Bushveld Complex may reflect a 
mantle source (that itself contains a crustal component) rather than requiring extensive 
crustal melting and assimilation of Kaapvaal crust.  The same holds for the Rooiberg 
Group if it were formed by fractionation of the SCLM-derived mafic melts.     
 Further evidence against a crustal-melt origin for the Rooiberg Group comes from 
major and trace elements.  Buchanan et al. (2002) showed that the trends in major 
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(particularly the decreasing amount of Al2O3) and trace elements (the increasing 
depletion in Sr, Sc, Co, Ni, P) with stratigraphic height in the upper Rooiberg Group 
lavas are not consistent with crustal assimilation.  Instead, they demonstrated that the 
variations generally can be accounted for by fractional crystallization of plagioclase plus 
or minus augite, pigeonite, olivine, magnetite/ilmenite, and orthoclase, consistent with 
my results.   
 The alternative hypothesis suggested by my results, and supported by the data of 
Buchanan et al. (Buchanan et al., 2002), is not new.  Indeed, the notion of Bushveld 
differentiation to produce the Rooiberg Group (Daly and Molengraaff, 1924) or the 
Rashoop Granophyre (Lombaard, 1949) goes far back in Bushveld research. 
  
6.  Conclusions  
 In this paper I have calculated a new bulk composition for the Bushveld Complex 
UUMZ, identified the major and trace element composition of the UUMZ parent magma, 
provided an estimate of the oxygen fugacity at the Pyroxenite Marker, and developed 
constraints on the composition and quantity of magma lost from the Bushveld magma 
chamber.  My results show that the bulk composition of the UUMZ in the eastern 
Bushveld does not crystallize the observed mineral assemblage at the base of the 
crystallization sequence, and thus that some amount of evolved magma was expelled 
from the magma chamber during its crystallization.  Results of MELTS runs show the 
addition of 15% - 25% Rooiberg lava or Rashoop Granophyre to the UUMZ bulk 
composition will return a parent magma composition that is initially saturated in 
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orthopyroxene and that reproduces generally the observed paragenetic sequence in the 
UUMZ. 
 Assuming that the UUMZ originally consisted of the residual liquids from the 
Lower, Critical and Main Zones plus an additional amount of new magma intruded at the 
Pyroxenite Marker, then the 15 - 25% of the original Upper Zone that had escaped the 
magma chamber translates to approximately 9% of the total original Bushveld magma 
chamber (assuming an 8 km thick extant Bushveld).  This percentage is within the 
proposed range of the 5 - 10% total rhyolite produced by fractional crystallization of 
basaltic melt based on studies of Thingmuli and other Icelandic volcanoes (Carmichael, 
1964) (n.b., Thingmuli volcano itself is 21% rhyolite, 18% andesite, and 57% tholeiite 
and olivine tholeiite).  Additionally, calculations of efficient fractional crystallization 
suggest that up to 12% felsic material can be generated from a tholeiitic and ~ 7% for an 
olivine tholeiitic parent (Carmichael, 1964).  The proportions are likely to be greater for 
the SiO2- and MgO-rich parent magmas proposed for the Bushveld Complex and some 
other large layered intrusions, such as the Stillwater Complex (e.g. Irvine et al., 1983; 
Harmer and Sharpe, 1985). 
 Perhaps the Bushveld Complex originated as a sub-volcanic magma chamber, as 
has been proposed for the Stillwater Intrusion of Montana (e.g. Helz, 1995).  
Alternatively, it is possible that the Bushveld Complex was initially a hypabyssal 
intrusion or lava lake, where the overburden grew significantly thicker as erupted lava 
issued from the chamber late in the crystallization process and was deposited on the 
initially thin roof, or even directly on the initial chilled surface of the lava lake itself.  
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Such a concept could account for both its planar character and enormous extent across the 
Transvaal basin.  
 Whatever its tectonic setting, the Bushveld Complex and associated Rooiberg 
Group lavas may play an important role in our future understanding of the possibility for, 
and the extent of, extreme igneous differentiation in shallow crustal magma chambers.  
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Figure 1.  Generalized stratigraphic column of the eastern Bushveld Complex and Rooi-
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Figure 2.  Bulk-rock Zr contents of the Bushveld Complex and overlying rocks.  Solid 
diamonds are Zr data from this study (Table 1).  Small grey symbols represent Bushveld 
bulk-rock Zr data from Nex et al., 2002; Bowes et al., 1997; Cawthorn et al., 1991; Caw-
thorn & McCarthy, 1985; Lundgaard et al., 2006.  Potential escaped melt compositions in 
solid squares are Rooiberg and Rashoop data from Schweitzer et al. (1997).  Vertical 
striped bars represent estimates of parent magma composition from compilation of Caw-
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Figure 3.  Compositions of clinopyroxene (CPX), orthopyroxene (OPX), plagioclase 
(PLAG), and olivine (OL) throughout the UUMZ stratigraphy (Tables 2-5).  Inverted 
pigeonite replaces orthopyroxene at 2830 m and is not included here because its original 
Mg# cannot be directly determined.  Mg# calculated as molar Mg/Mg+Fetot and Ca# 
calculated as molar Ca/Ca+Na.  Height is in meters above the Merensky Reef.  The Pyrox-
enite Marker in the eastern Bushveld is at 2200 m, and the roof of the UUMZ is at 4625 m.  
Modes are calculated via least squares from bulk-rock analyses and mineral compositions 
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Figure 4.  MELTS calibration interval.  Data in blue dots is a compilation of mid-ocean 
ridge basalts (MORB) from PetDB (http://www.petdb.org/).  Bulk UUMZ and proposed 
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Figure 5.  Figure caption continued on next page
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Figure 5.  Observed variation in modal abundance through the UUMZ compared with the 
modal abundances predicted by MELTS.  All runs were conducted at P = 200 MPa, fO2 = 
FMQ, and 1 wt% H2O.  The left y-axis is the percent of the rock column remaining, where 
100% is the base of the UUMZ and 0% is the contact with the roof.  The right y-axis is the 
% liquid remaining from the parent magma.  For accurate comparison with the observed 
modes, MELTS outputs are shown in volume percent.  (a) Observed modal stratigraphy of 
the Magnet Heights section for the UUMZ cumulates.  The modal variations are smoothed 
from Figure 3 for easier comparison to MELTS results.  In some cases, especially near the 
base, it is difficult to determine whether some clinopyroxene grains are cumulus or inter-
stitial; in these cases, the total rock mode is assumed to represent the cumulus mode.  (b-g) 
The predicted modal stratigraphies from MELTS experiments for the (b) bulk UUMZ 
composition; (c) UUMZ parent magma composition of Tegner et al. (2006); (d) bulk 
UUMZ + 15% Damwal lava; (e) bulk UUMZ + 15% Kwaggasnek lava; (f) bulk UUMZ + 
15% Schrikkloof lava; (g) bulk UUMZ + 15% Rashoop Granophyre.  Mineral abbrevia-
tions are as in Figure 3 with the addition of pigeonite (pig), magnetite (mt), apatite (ap), 
ilmenite (ilm), quartz (qtz), and orthoclase (kspar).  Note the fields of olivine and apatite, 
both of which are labeled to highlight the level of their appearance.  The parent magma 
compositions used in the MELTS experiments are shown in Table 7.  Parent magmas in 
which 15 – 25% Rooiberg lava or Rashoop Granophyre are added to the bulk UUMZ com-
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Figure 6. Comparison of calculated trace element equilibrium liquid compositions from in 
situ analyses of orthopyroxene and plagioclase near the base of the UUMZ with the 
proposed UUMZ parent magma compositions.  For plotting, all compositions (ppm) are 
normalized to the average equilibrium liquid composition calculated from the in situ min-
eral analyses (Zr and Y from orthopyroxene; Ba and Rb from plagioclase, Table 10).  In all 
cases, the average equilibrium liquid composition overlaps those of the proposed parent 
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Figure 7. Comparison of calculated rare earth element liquid compositions from in situ 
analyses of clinopyroxene with proposed parent magmas and bulk UUMZ composition 













15% Kwaggasnek Parent Magma



























Note: F = 1 is the starting parent magma composition as proposed in Table 2 for 15% Kwaggas-
nek Addition (blue) and 25% Kwaggasnek Addition (red) 
Figure 8. Simplified calculation of the effect of fractional crystallization on the evolution 
of Zr compositions in the UUMZ.  Starting Zr composition (F=1) equal to the 15% (blue) 
and 25% (red) Kwaggasnek-added parent magma (Table 7).  Final Zr composition calcu-
lated after 85% and 75% crystallization is very similar to the Zr concentration measured in 












































Figure 9. Estimates of oxygen fugacity at the base of the UUMZ from clinopyroxene and 
plagioclase REE concentrations.  Calculated following the method of McKay et al. (1994).  
All samples fall between 0.5 and 1 log unit below the QFM buffer at 1100°C.
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Table 4.  Major element composition of plagioclase determined by electron microprobe
Sample # B07-020 B07-019 B07-018 B07-017 B07-016 B07-015 B07-014 B07-013 B10-027 B10-028
Depth 1154 1369 1602 1804 1849 1878 1933 1977 2004 2037
lithology gb gb gb gb gb gb gb gb gb gb
SiO2 53.09 51.85 53.06 53.45 53.57 53.62 53.80 52.80 52.90 52.16
TiO2 0.02 0.03 0.03 0.03 0.03 0.02 0.04 0.02 0.03 0.03
Al2O3 30.38 31.04 30.28 30.17 29.99 30.06 29.52 30.43 29.38 29.48
FeO total 0.31 0.36 0.35 0.28 0.31 0.24 0.29 0.30 0.33 0.48
MgO 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.08
MnO 0.02 0.01 0.01 0.00 0.02 0.02 0.01 0.02 0.01 0.02
CaO 12.41 13.30 13.02 12.36 12.03 12.04 11.92 12.55 12.57 12.68
Na2O 4.32 3.80 4.02 4.45 4.64 4.57 4.38 4.34 4.36 4.27
K2O 0.33 0.25 0.30 0.31 0.39 0.28 0.31 0.31 0.31 0.28
Total 100.89 100.67 101.16 101.06 101.00 100.85 100.35 100.79 99.92 99.49
Sample # B07-012 B10-029 B07-011 B10-030 B07-010 B10-031 B07-008 B06-061 B06-060 B07-007
Depth 2086 2102 2118 2128 2151 2174 2195 2199 2200 2200
lithology an gb gb gb gb gb px-an gbnor px px
SiO2 53.33 52.50 50.97 50.70 51.14 49.40 49.71 50.51 52.91 51.82
TiO2 0.03 0.02 0.02 0.03 0.05 0.02 0.03 0.02 0.03 0.03
Al2O3 29.86 29.82 31.50 30.86 31.54 31.81 32.26 32.12 29.89 31.02
FeO total 0.31 0.36 0.32 0.36 0.35 0.35 0.49 0.40 0.36 0.34
MgO 0.02 0.01 0.02 0.02 0.03 0.02 0.02 0.02 0.04 0.05
MnO 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.00 0.01
CaO 12.53 12.88 13.78 14.22 14.22 15.26 15.45 14.43 12.22 14.10
Na2O 4.17 4.24 3.61 3.53 3.23 2.95 2.66 3.24 4.41 3.43
K2O 0.28 0.32 0.22 0.20 0.22 0.19 0.13 0.21 0.27 0.27
Total 100.59 100.16 100.46 99.93 100.84 100.03 100.80 100.98 100.13 101.12
Sample # B07-065 B07-009 B06-062 B06-064 B06-065 B06-066 B06-067 B07-062 B06-002 B06-010
Depth 2204 2200 2325 2495 2620 2690 2775 3020 3070 3074
lithology gb gb gb gb gb gb gb mt-an px-an px-an
SiO2 53.25 50.46 49.87 51.21 51.18 52.21 52.33 53.98 53.60 53.61
TiO2 0.04 0.02 0.02 0.04 0.03 0.02 0.03 0.07 0.04 0.02
Al2O3 30.20 31.81 32.69 31.30 31.91 31.35 30.43 29.56 30.20 30.18
FeO total 0.34 0.35 0.30 0.40 0.38 0.37 0.37 0.31 0.31 0.33
MgO 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.03
MnO 0.01 0.01 0.02 0.01 0.01 0.01 0.00 0.00 0.01 0.02
CaO 12.91 14.80 14.99 14.48 14.08 13.42 12.88 11.85 12.24 12.26
Na2O 4.09 2.91 2.99 3.29 3.50 3.80 4.07 4.69 4.60 4.54
K2O 0.29 0.21 0.19 0.23 0.22 0.26 0.27 0.35 0.27 0.31
Total 101.20 100.66 101.08 101.04 101.33 101.48 100.40 100.84 101.28 101.29
Sample # B06-003 B06-004 B07-064 B06-014 B07-058 B06-018 B06-020 B06-021 B07-061 B06-024
Depth 3077 3078 3078 3081 3140 3225 3260 3283 3425 3515
lithology mt-an mt-an mt-an mt-an mt-gb mt-an mt-gb gb mt-an tr
SiO2 53.35 53.92 53.34 53.82 53.96 53.93 53.75 54.10 54.80 54.74
TiO2 0.04 0.04 0.04 0.03 0.05 0.05 0.04 0.06 0.02 0.03
Al2O3 30.08 29.92 29.96 29.93 29.57 29.95 29.98 29.80 29.16 29.68
FeO total 0.31 0.46 0.30 0.29 0.25 0.30 0.31 0.27 0.20 0.23
MgO 0.03 0.04 0.02 0.03 0.03 0.03 0.02 0.02 0.01 0.03
MnO 0.00 0.01 0.01 0.01 0.02 0.01 0.02 0.00 0.01 0.01
CaO 12.08 11.93 12.13 11.91 11.59 11.94 11.95 11.73 10.95 11.34
Na2O 4.68 4.63 4.46 4.82 4.74 4.67 4.66 4.82 5.30 5.05
K2O 0.21 0.35 0.31 0.23 0.37 0.33 0.34 0.31 0.36 0.32
Total 100.80 101.30 100.57 101.07 100.58 101.21 101.07 101.12 100.81 101.42
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Table 4 cont'd.  Major element composition of plagioclase determined by electron microprobe
Sample # B06-046 B07-004 B06-050 B06-054 B06-045 B06-044 B06-040 B06-039 B06-028 B06-029
Depth 3520 3560 3600 3634 3649 3695 3805 3925 4005 4083
lithology mt-an mt-gb mt-gb mt-an mt-tr mt-gb an mt-gb ap-mt-tr mt-tr
SiO2 54.35 54.15 54.79 54.78 54.78 55.07 55.17 55.97 56.98 57.18
TiO2 0.03 0.04 0.04 0.07 0.04 0.07 0.04 0.03 0.05 0.03
Al2O3 29.73 29.51 29.41 29.47 28.86 29.51 29.08 28.71 28.10 28.04
FeO total 0.23 0.26 0.21 0.35 0.22 0.26 0.21 0.22 0.22 0.24
MgO 0.02 0.02 0.02 0.01 0.02 0.02 0.01 0.02 0.02 0.02
MnO 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01
CaO 11.55 11.46 11.05 11.22 11.10 11.21 10.82 10.32 9.54 9.45
Na2O 4.93 4.90 5.12 5.16 4.96 5.11 5.32 5.61 6.03 5.95
K2O 0.32 0.32 0.34 0.29 0.25 0.33 0.34 0.40 0.58 0.56
Total 101.17 100.68 101.00 101.35 100.31 101.58 100.99 101.28 101.54 101.47
Sample # B06-030 B07-027 B07-028 B06-037 B06-055 B07-036 B07-037 B07-038 B07-039 B07-040 B07-041
Depth 4120 4232 4255 4305 4355 4460 4508 4530 4555 4573 4590
lithology ap-mt-tr ol-mt-gb mt-an ol-mt-gb ol-mt-gb ol-mt-gb ol-mt-gb ol-mt-gb ol-mt-gb ol-mt-gb ol-mt-gb
SiO2 57.09 57.04 56.29 56.75 56.14 57.56 56.84 56.59 57.87 58.41 57.61
TiO2 0.03 0.03 0.03 0.04 n.a. 0.03 0.02 0.02 0.01 0.01 0.01
Al2O3 28.03 27.66 28.39 28.01 27.86 27.35 27.92 28.15 26.99 26.87 27.28
FeO total 0.30 0.22 0.21 0.23 0.19 0.27 0.19 0.19 0.44 0.18 0.15
MgO 0.02 0.02 0.01 0.02 0.01 0.01 0.00 0.00 0.01 0.00 0.00
MnO 0.01 0.01 0.00 0.01 n.a. 0.01 0.02 0.02 0.02 0.02 0.01
CaO 9.46 9.71 10.21 9.58 10.21 9.10 9.37 9.66 8.36 8.17 8.59
Na2O 5.95 5.73 5.69 5.96 5.86 6.14 6.08 5.96 6.72 6.99 6.73
K2O 0.62 0.44 0.37 0.51 n.a. 0.31 0.36 0.34 0.31 0.28 0.30
Total 101.52 100.93 101.20 101.10 100.32 100.88 100.81 100.93 100.72 100.93 100.68
81
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1 wt% H2O 0.1 wt% H2O 200 MPa 100 MPa 1 atm
Damwal 10 Damwal 10
FMQ-1 No No FMQ-1 No No No
FMQ No (Yes) FMQ No No No
FMQ+1 (Yes) (Yes) FMQ+1 (Yes) No No
Damwal 15 Damwal 15
FMQ-1 No No FMQ-1 No No No
FMQ Yes No FMQ Yes No No
FMQ+1 (Yes) (Yes) FMQ+1 (Yes) No (Yes)
Damwal 20 Damwal 20
FMQ-1 Yes No FMQ-1 Yes No No
FMQ Yes No FMQ Yes No No
FMQ+1 (Yes) Yes FMQ+1 (Yes) (Yes) no
Damwal 25 Damwal 25
FMQ-1 (Yes) No FMQ-1 (Yes) No No
FMQ Yes No FMQ Yes No No
FMQ+1 (Yes) (Yes) FMQ+1 (Yes) (Yes) (Yes)
Damwal 30 Damwal 30
FMQ-1 (Yes) No FMQ-1 (Yes) No No
FMQ Yes No FMQ Yes Yes (Yes)
FMQ+1 Yes Yes FMQ+1 Yes (Yes) Yes
KEY:
Yes Initially saturated in Orthopyroxene
No Not initially saturated in Orthopyroxene
(Yes) Initially saturated in Orthopyroxene, but significantly different paragenetic sequence than the Upper Zone
Constant P = 200 MPa Constant H 2 O = 1 wt%














































































































































































































































































































































































































































































































Table 8. Statistical Robustness of the Bulk UUMZ Composition
Bulk UUMZ 
Composition 







 SiO 2 47.03 46.71 46.85 47.13 47.24 48.30 46.60 2.7 0.9
 TiO2 1.74 1.77 1.75 1.73 1.69 1.30 2.00 15.4 25.1
 Al2 O 3 16.37 15.54 15.64 15.59 16.99 17.48 16.82 6.8 5.1
 FeO* 15.60 16.30 15.92 16.08 15.03 13.76 15.61 4.5 11.8
 MnO 0.20 0.22 0.21 0.22 0.19 0.19 0.19 10.0 6.0
 MgO 6.48 7.05 7.12 6.80 6.20 6.36 5.86 8.9 9.5
 CaO 9.39 9.29 9.24 9.50 9.49 9.23 9.86 5.0 1.7
 Na2O 2.46 2.34 2.44 2.28 2.52 2.59 2.53 5.5 7.3
 K2O 0.36 0.37 0.34 0.38 0.34 0.41 0.29 13.7 19.8
 P2O5 0.38 0.41 0.49 0.29 0.32 0.38 0.23 30.5 38.3
 Sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 - -
*HA = Half A
*QA1 = 1st quarter of half A
85
Sample # B06-061 B06-060 B07-007 B07-009 B06-062
Height (m) 2199 2200 2203 2210 2325
Lithology gabbro pyroxenite pyroxenite gabbro gabbro
SiO2 54.16 53.94 54.35 54.32 54.65
TiO2 0.24 0.21 0.21 0.20 0.20
Al2O3 0.91 0.88 0.96 0.86 0.86
FeO 17.82 17.54 17.18 17.50 16.91
MgO 25.46 25.70 26.33 26.20 26.63
MnO 0.38 0.39 0.38 0.43 0.38
CaO 1.84 1.50 1.45 1.36 1.25
Na2O 0.03 0.03 0.01 0.01 0.02
Cr2O3 0.12 0.12 0.14 0.13 0.10
Total 100.95 100.29 101.01 101.01 101.00
Molar Fe/Mg 0.39 0.38 0.37 0.37 0.36
Calculated Fe/Mg 
Equilibrium Liquid 1.57 1.53 1.46 1.50 1.42
Sample # B06-061 B06-060 B07-007 B07-009 B06-062
Height (m) 2199 2200 2203 2210 2325
Lithology gabbro pyroxenite pyroxenite gabbro gabbro
SiO2 50.51 50.46 49.87
TiO2 0.02 0.02 0.02
Al2O3 32.12 31.81 32.69
FeO 0.40 0.35 0.30
MgO 0.02 0.02 0.02
MnO 0.02 0.01 0.02
CaO 14.43 14.80 14.99
Na2O 3.24 2.91 2.99
K2O 0.21 0.21 0.19
Total 100.98 100.66 101.08
Molar Ca/Na 9.85 11.23 11.10
Calculated Ca/Na 
Equilibrium Liquid 6.31 7.20 7.12
Fe/Mg
Ca/Na 6.94 - 7.32 6.00 - 6.60 8.45
(a)  Average orthopyroxene composition and calculated Fe/Mg of equilibrium liquid
Bulk UUMZ Composition
1.38 - 1.42 1.40 - 1.48 1.35
Range of 15% Addition Range of 25% Addition
Table 9.  Estimated Equilbrium Liquid Compositions at the Base of the UUMZ
(b)  Average plagioclase composition and calculated Ca/Na of equilibrium liquid
(c)  Proposed Parent Magma Compositions
no cumulus plagioclase
86
Sample # B06-061 B06-060 B07-009
Height (m) 2199 2200 2210
Lithology gabbro pyroxenite gabbro
Mg# 71.80 72.31 72.74
*n=5 n=25 n=11
Zr (ppm) 5.44 (0.50) 4.51 (0.81) 2.94 (0.39)
Y (ppm) 4.17 (0.25) 4.12 (0.53) 3.11 (0.17)
Zr (ppm) 259.0 214.8 140.0
Y (ppm) 21.9 21.7 16.4
Range of Proposed                
Parent Magmas Bulk UUMZ 15% Addition 25% Addition
Zr (ppm) 21.6 74 - 112 110 - 173
Y (ppm) 10 16.9 - 24.9 21.5 - 34.8
Sample # B06-061 B06-060 B07-009
Height (m) 2199 2200 2210
Lithology gabbro pyroxenite gabbro
An 70.20 72.9
n=14 all interstitial n=10
Ba (ppm) 90.35 (7.50) 75.31 (4.40)
Rb (ppm) 0.77 (0.13) 0.53 (0.07)
Ba (ppm) 387.8 352.8
Rb (ppm) 34.0 25.5
Parent Magmas Bulk UUMZ 15% Addition 25% Addition
Ba (ppm) 117.2 226 - 302 299 - 425
Rb (ppm) 5.2 29 - 48 45 - 76
Table 10.  In Situ  LA-ICPMS trace element mineral compositions and calculated equilibrium liquids
Average Measured In Situ LA-ICPMS 
Calculated Equilibrium Liquid Composition
Average Measured In Situ LA-ICPMS 
( ) = 1 sigma standard deviation
Calculated Equilibrium Liquid Composition
(a)   Zr and Y  in Orthopyroxene
(b)  Ba and Rb in Plagioclase
*n = number of analyses in average
87
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Table 12.  In Situ Clinopyroxene Trace Element Analyses (ppm)
Sample # Height (m) Sc Ti V Cr Mn Co Ni Cu Zn Sr Y Zr Nb Ba
B06-061-1 2198 108.4 2086 330 2638 1452 50.7 238.8 b.d. 44 12.6 23.5 42.8 0.1 0.2
B06-061-4 2198 102.6 2088 346.9 2583 1414 47.7 232.5 b.d. 42.3 10.3 21.8 43.5 0.1 b.d.
B06-061-5 2198 105.8 2238 346.5 2439 1335 48.7 229.2 b.d. 40.8 10.6 22.4 46.4 0.1 0.3
B06-061-6 2198 104.5 2028 334.2 2530 1385 48.1 229.6 b.d. 41.5 9.9 21.1 39.8 b.d. b.d.
B06-061-7 2198 105.4 2176 337.5 2527 1399 49 233.3 0.8 43.2 11.7 21.9 38.9 0.1 0.2
B06-061-8 2198 104.7 1580 295.4 2338 1265 44.2 221.4 1.7 30.6 9 18.7 36.5 b.d. 0.8
B06-061-10 2198 103.4 1908 328.9 2442 1305 46.8 226.6 0.6 39.7 9.6 20.1 42 0.1 b.d.
B06-061-13 2198 102.5 1749 325.3 2361 1303 45.5 214.1 b.d. 38.1 9.9 19.7 43.7 0.1 0.3
B06-061-16 2198 100.8 2001 326.4 2418 1256 45.1 212.6 b.d. 38.6 9.9 20.7 43.4 0.1 b.d.
B06-061-17 2198 98.8 2039 335.1 2496 1410 49.8 232.9 b.d. 45.3 9.6 20.1 39.3 0.1 b.d.
B06-061-18 2198 102.9 2111 339.8 2534 1533 53.8 243.7 0.6 51.9 10.6 21.3 37.9 0.1 b.d.
Average 103.6 2000 331.5 2482 1369 48.1 228.6 0.9 41.5 10.3 21 41.3 0.1 0.4
B07-008-1 2200 68.9 2078 283.1 881.8 1678 54.4 204.4 b.d. 47.3 9.7 29.8 123.2 b.d. b.d.
B07-008-8 2200 76.3 1316 227 930.8 1566 53.2 204.1 b.d. 41.5 9 24.3 97.2 0.1 b.d.
B07-008-9 2200 81 2085 336.7 1086 1600 54.7 211.6 0.8 44.5 10.2 28.3 105.4 0.1 b.d.
B07-008-11 2200 86 2217 319.4 926.7 1566 55 200.9 b.d. 43.2 11.7 26.7 80.1 0.1 0.2
B07-008-12 2200 78.4 2127 295.4 936.2 1642 53.4 203.4 1.3 46.4 10.2 29.2 113.9 0.1 0.2
Average 78.1 1964 292.3 952.3 1610 54.1 204.9 1 44.6 10.2 27.7 103.9 0.1 0.2
B07-009-1 2203 93.6 2244 297.6 1412 1552 50.6 238.1 0.9 37.8 11.9 23.6 37 0.1 0.1
B07-009-3 2203 95.6 1929 284.6 1414 1406 46.9 223.6 0.6 34.2 11.4 21.1 35.6 0.1 0.1
B07-009-4 2203 91.5 1927 283.3 1458 1436 46.8 220.9 0.4 33.5 12.2 21.4 28.8 0.1 0.6
B07-009-16 2203 93 2111 311 1367 1350 46.6 216.2 0.6 32.9 10.7 21.4 33.1 b.d. b.d.
B07-009-17 2203 94.7 2136 308.7 1460 1486 50.1 234.7 0.7 37.2 11.7 23 34.7 0.1 0.1
B07-009-20 2203 93.8 2108 306.3 1489 1556 52.2 246.8 0.5 39 12.2 23.2 34.3 0.1 0.4
B07-009-21 2203 91.5 2090 295.5 1437 1474 49.5 236.8 0.5 36.1 11.6 23.7 36.6 0.1 b.d.
Average 93.4 2078 298.2 1434 1466 49 231 0.6 35.8 11.7 22.5 34.3 0.1 0.3
B07-065-3 2204 124.5 2397 393 94.1 2034 69.1 171.7 6.9 52.8 11.1 32.3 57.7 b.d. 0.4
B07-065-5 2204 123.4 2681 389.6 95.5 1827 61.8 158.1 4.7 47.1 12 32.8 52.2 0.1 0.1
B07-065-6 2204 120.4 2505 387 98.1 1991 66 165.1 0.5 52.5 11.5 32.1 49.9 b.d. b.d.
B07-065-10 2204 123.7 2484 392.3 96.3 1831 62.6 157.2 0.5 48.5 10.8 31.9 57.7 0.1 0.2
B07-065-14 2204 116.5 2187 401.4 106.2 1760 61.9 159.6 7.1 45.3 10.5 26.6 50.3 b.d. 0.6
B07-065-15 2204 114.5 2484 397.1 105.8 1921 65 160.8 0.7 50.6 11.4 28.1 37.5 0.1 b.d.
B07-065-16 2204 110 1849 365.3 92.3 1878 62.5 159.5 1.6 47.3 10.1 25.6 44.2 b.d. b.d.
B07-065-17 2204 104.1 2436 384.5 96.7 1999 66.7 168.4 b.d. 52.7 11.3 24.4 35.1 b.d. b.d.
B07-065-18 2204 112.8 2475 387 100.9 1981 66.2 165.5 0.8 52 11.8 27.2 35.2 b.d. b.d.
B07-065-19 2204 111.1 2400 385.4 96.6 1888 63.1 162.3 7.9 48.9 10.7 27 42.9 b.d. 0.2
B07-065-20 2204 110.6 2551 388.5 102 2074 68 163.9 0.6 55.5 10.9 28.2 42 b.d. 0.2
B07-065-21 2204 112.9 2430 390.4 117 1851 62.2 154.6 0.6 46.6 11.2 27.2 37.1 b.d. b.d.
B07-065-22 2204 110.4 2201 391.7 101 1899 62.9 155.2 12.7 47.8 10.5 25.6 39.5 b.d. b.d.
Average 115 2391 388.7 100.2 1918 64.5 161.7 3.7 49.8 11.1 28.4 44.7 b.d. 0.3
B06-062-15 2325 103.8 2152 361.9 1243 1526 n.a. n.a. 1.1 34.9 11.6 23.2 45.2 b.d. 0.1
B06-062-14 2325 100.6 2014 388.6 1417 1762 n.a. n.a. 0.9 42.5 11.9 19.6 32.5 b.d. 0.7
B06-062-9 2325 94.9 1878 434.5 1561 1884 n.a. n.a. 0.9 45.7 11.8 17.7 27.4 b.d. 0.7
B06-062-6 2325 94.6 1932 435.2 1566 2107 n.a. n.a. 1.7 48 13.1 17.6 26.8 b.d. 0.4
Average 98.5 1994 405 1447 1820 n.a. n.a. 1.2 42.8 12.1 19.5 33 b.d. 0.5
B06-064-7 2495 91.4 1774 282.8 859.5 1604 48.1 197.8 b.d. 52.5 9.1 25.2 68.5 0.1 b.d.
B06-064-8 2495 95.7 2449 301.5 1091 1558 50.5 206.9 b.d. 52.9 10.6 27.9 48.8 0.1 b.d.
B06-064-10 2495 100.3 2833 319.8 1006 1639 53.1 211.4 1 57.9 10.5 28.1 55.6 0.1 0.1
B06-064-11 2495 98.8 2724 330.1 1022 1715 56.8 218 1.1 68 10.6 27.5 46.3 0.1 0.6
B06-064-12 2495 94.9 2316 313.6 1022 1681 54.5 217.5 0.8 61.3 10.8 25.7 38.1 0.1 0.1
B06-064-13 2495 95.5 1865 302.7 899.4 1476 47.9 197.1 0.7 50.5 9.5 26 54.6 0.1 0.2
B06-064-17 2495 98.6 2221 291 846.4 1401 45.9 186.5 0.5 47.4 9.5 26.2 44 0.1 0.1
B06-064-18 2495 99.1 2182 303.3 941.1 1495 47.5 192.6 0.6 53.1 9 26.8 47.8 b.d. 0.1
B06-064-19 2495 95.1 2044 302.1 963.1 1500 47.8 202 0.9 52.4 8.7 25.9 51.8 0.1 0.1
B06-064-20 2495 96.4 2218 303.5 989.6 1522 50.1 201.9 0.5 54.2 9.4 24.8 44 b.d. 0.1
B06-064-21 2495 94.9 762.5 204.5 740.4 1558 45.4 183.1 b.d. 52.1 8 25.4 40.3 b.d. 0.1
Average 96.4 2126 295.9 943.6 1559 49.8 201.3 0.8 54.8 9.6 26.3 49.1 0.1 0.2
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Table 12 cont'd.  In Situ Clinopyroxene Trace Element Analyses (ppm)
Sample # Height (m) Hf Pb Th U La Ce Pr Nd Sm Eu Gd Dy Er Yb Lu
B06-061-1 2198 0.7 0.1 0.4 b.d. 1.3 5.7 1.2 6.1 2 0.5 2.5 2.8 1.6 1.5 0.2
B06-061-4 2198 0.9 0.1 0.1 b.d. 1.1 5.6 1.1 6 b.d. 0.4 2.4 2.7 1.5 1.2 0.2
B06-061-5 2198 0.9 0.1 0.2 b.d. 1.1 5.7 1.2 6.3 2 0.5 2.8 2.4 1.5 1.3 0.2
B06-061-6 2198 0.8 b.d. 0.2 b.d. 1.1 4.9 1 5.5 1.7 0.5 2.5 2.5 1.5 1.2 0.2
B06-061-7 2198 0.7 0.1 0.2 b.d. 1.2 5.4 1.1 6 1.8 0.4 2.5 2.6 1.4 1.3 0.2
B06-061-8 2198 0.6 0.2 0.1 b.d. 0.9 4.5 0.9 5.1 1.5 0.4 2 2.2 1.2 1 0.1
B06-061-10 2198 0.8 b.d. 0.1 b.d. 0.9 4.8 0.9 5.3 1.9 0.5 2.3 2.2 1.2 1.1 0.2
B06-061-13 2198 0.8 0.1 0.2 b.d. 1 5 1 5.6 1.6 0.4 2.2 2.4 1.3 1.2 0.2
B06-061-16 2198 0.8 0.1 0.1 b.d. 1 5.3 1 6 1.7 0.4 2.3 2.5 1.4 1.1 0.2
B06-061-17 2198 0.8 0.1 0.1 b.d. 1 5.4 1 5.5 1.9 0.5 2.3 2.3 1.3 1.2 0.2
B06-061-18 2198 0.6 0.1 0.2 b.d. 1 5.5 1.1 5.7 1.9 0.5 2.6 2.7 1.5 1.3 0.2
Average 0.8 0.1 0.2 b.d. 1 5.3 1.1 5.7 1.8 0.5 2.4 2.5 1.4 1.2 0.2
B07-008-1 2200 2.4 b.d. 0.3 b.d. 0.7 3.9 0.9 5.5 2.3 0.4 3.5 4 2.3 2.1 0.3
B07-008-8 2200 2.1 0.1 0.2 b.d. 0.6 3.4 0.7 4.5 1.8 0.3 2.7 3.1 1.9 1.6 0.2
B07-008-9 2200 2 0.1 0.2 b.d. 0.7 3.9 0.9 5 2.1 0.4 3.1 3.7 2.2 1.8 0.3
B07-008-11 2200 1.8 0.1 0.2 b.d. 0.7 3.7 0.8 4.6 1.9 0.4 2.9 3.4 2.2 1.7 0.3
B07-008-12 2200 2.2 0.1 0.2 b.d. 0.7 3.8 0.9 5.2 2.1 0.4 3.4 3.9 2.3 1.8 0.3
Average 2.1 0.1 0.2 b.d. 0.7 3.7 0.8 5 2 0.4 3.1 3.6 2.2 1.8 0.3
B07-009-1 2203 1.1 0.1 0.3 b.d. 2.1 9.2 1.8 8.8 2.7 0.6 3.9 4.3 2.3 2 0.4
B07-009-3 2203 1.2 0.1 0.2 b.d. 1.8 8 1.5 8 2.3 0.5 3.1 3.6 2 1.9 0.3
B07-009-4 2203 0.8 0.1 0.2 b.d. 1.9 8.7 1.6 8.1 2.4 0.6 3.3 3.5 2.1 1.9 0.3
B07-009-16 2203 1.1 0.1 0.2 b.d. 1.6 8.2 1.5 7.8 2.6 0.5 3.1 3.7 2.1 1.7 0.3
B07-009-17 2203 1.1 0.1 0.2 b.d. 1.8 8.9 1.7 8.3 2.5 0.5 3.2 3.7 2.2 1.8 0.3
B07-009-20 2203 1.1 0.1 0.3 b.d. 2 9.4 1.8 9 2.5 0.6 3.5 3.8 2.2 1.8 0.3
B07-009-21 2203 0.9 0.1 0.2 b.d. 1.9 9.6 1.8 8.9 2.8 0.6 3.7 4 2.3 2.1 0.3
Average 1 0.1 0.2 b.d. 1.9 8.9 1.7 8.4 2.6 0.6 3.4 3.8 2.2 1.9 0.3
B07-065-3 2204 1.4 0.2 0.5 0.2 3.5 14.1 2.6 12.4 3.9 0.6 5.1 5.4 3.3 2.5 0.4
B07-065-5 2204 1.4 0.2 0.9 0.6 4.4 14.6 2.5 12.3 3.7 0.6 4.7 5.1 3.1 2.5 0.4
B07-065-6 2204 1.4 0.2 0.4 0.1 3.3 13.1 2.4 11.6 3.6 0.6 4.7 5.2 3.2 2.5 0.4
B07-065-10 2204 1.6 0.2 0.4 0.1 3.1 12.4 2.3 11.3 3.7 0.5 4.6 4.8 3 2.6 0.4
B07-065-14 2204 1.4 0.1 0.2 0.1 2.9 12 2.2 10.5 3.1 0.4 4.3 4.2 2.4 2.2 0.3
B07-065-15 2204 1 0.2 0.3 0.1 3.3 13.2 2.2 10.8 3.2 0.5 4.1 4.4 2.7 2.1 0.4
B07-065-16 2204 1.3 0.1 0.2 b.d. 2.8 11.6 2 10.2 3.1 0.4 3.9 4 2.4 2 0.3
B07-065-17 2204 1 0.1 0.1 b.d. 2.8 12.5 2.1 9.9 3.1 0.5 3.6 3.8 2.3 2 0.3
B07-065-18 2204 0.9 0.1 0.1 b.d. 3.1 12.7 2.2 10.7 3.2 0.5 3.9 3.9 2.4 2.1 0.3
B07-065-19 2204 1.1 0.1 0.2 b.d. 2.9 12.2 2.2 10.6 3.3 0.5 4.1 4.2 2.4 1.9 0.3
B07-065-20 2204 1 0.1 0.2 b.d. 3.1 12.9 2.3 10.8 3.4 0.4 4.2 4.1 2.5 2.2 0.4
B07-065-21 2204 0.9 0.1 0.1 b.d. 3.1 12.7 2.3 10.8 3.2 0.5 3.9 4.2 2.5 2.1 0.3
B07-065-22 2204 1 0.1 0.2 b.d. 2.8 11.9 2.1 10.3 2.8 0.4 3.5 3.9 2.3 2 0.3
Average 1.2 0.2 0.3 0.1 3.2 12.8 2.2 10.9 3.3 0.5 4.2 4.4 2.7 2.2 0.4
B06-062-15 2325 0.3 0.2 0.2 b.d. 1.8 9.9 1.9 10.4 3 0.6 3.7 4.5 2.3 1.7 0.2
B06-062-14 2325 0.3 0.2 0.3 b.d. 1.9 10.5 1.9 9.4 3.2 0.5 2.8 3.7 2.1 1.8 0.2
B06-062-9 2325 0.3 0.2 0.1 b.d. 1.8 11.1 1.9 8.6 2.3 0.6 2.5 3.1 1.9 1.4 0.2
B06-062-6 2325 0.2 0.2 0.1 b.d. 1.7 11.5 1.8 8.8 2.5 0.6 2.9 3.5 1.7 1.4 0.2
Average 0.3 0.2 0.2 b.d. 1.8 10.5 1.9 9.5 2.8 0.6 3 3.8 2.1 1.6 0.2
B06-064-7 2495 1.7 0.1 0.2 b.d. 2.3 10.8 1.9 9.5 2.7 0.5 3.4 3.7 1.9 1.6 0.3
B06-064-8 2495 1.1 0.1 0.3 b.d. 2.7 12.3 2.1 11 3.1 0.5 3.8 3.8 2.2 1.9 0.3
B06-064-10 2495 1.4 0.2 0.5 0.1 3.1 12.4 2 10.9 2.8 0.5 3.9 3.9 2.1 1.8 0.3
B06-064-11 2495 0.8 0.1 0.3 b.d. 2.7 12.3 2.1 10.6 2.9 0.5 3.7 3.8 2.1 1.7 0.3
B06-064-12 2495 0.7 0.1 0.2 b.d. 2.7 12.3 2 10.2 2.7 0.5 3.5 3.5 1.9 1.7 0.3
B06-064-13 2495 1.2 0.2 0.4 b.d. 2.4 11.2 1.8 9.4 2.9 0.4 3.4 3.4 2 1.8 0.3
B06-064-17 2495 1 0.1 0.3 b.d. 2.4 10.4 1.7 9.8 2.8 0.5 3.5 3.6 1.9 1.9 0.2
B06-064-18 2495 1 0.1 0.3 b.d. 2.4 10.6 1.8 9.8 2.5 0.4 3.6 3.4 2 1.7 0.3
B06-064-19 2495 1.1 0.1 0.1 b.d. 2.4 11 1.9 9.7 2.6 0.4 3.4 3.4 1.8 1.5 0.3
B06-064-20 2495 0.9 0.1 0.2 b.d. 2.2 10.7 1.8 9.5 2.7 0.4 3.2 3.2 1.7 1.5 0.2
B06-064-21 2495 0.7 0.1 0.1 b.d. 2.4 10.8 1.8 9.5 2.5 0.4 3.5 3.5 1.8 1.5 0.2
Average 1.1 0.1 0.3 b.d. 2.5 11.4 1.9 10 2.7 0.5 3.5 3.6 2 1.7 0.3
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Table 13 cont'd.  In Situ Orthopyroxene Trace Element Analyses (ppm)
Sample # Height (m) La Ce Pr Nd Sm Eu Gd Dy Er Yb Lu Hf Pb Th U
B06-061-2 2198 b.d. 0.2 b.d. b.d. b.d. b.d. 0.2 0.4 0.3 0.6 0.1 0.1 b.d. 0.1 b.d.
B06-061-9 2198 b.d. 0.2 b.d. 0.2 b.d. b.d. 0.2 0.4 0.2 0.5 0.1 b.d. 0.1 0.2 b.d.
B06-061-11 2198 b.d. 0.1 b.d. 0.1 b.d. b.d. 0.2 0.3 0.3 0.4 0.1 0.1 b.d. 0.1 b.d.
B06-061-14 2198 b.d. 0.2 b.d. 0.2 b.d. b.d. 0.3 0.4 0.4 0.7 0.1 0.1 b.d. 0.2 b.d.
B06-061-19 2198 0.1 0.1 b.d. 0.2 b.d. b.d. 0.2 0.3 0.4 0.6 0.1 b.d. b.d. 0.2 b.d.
B06-061-20 2198 0.1 0.3 b.d. b.d. b.d. b.d. 0.2 0.4 0.5 0.6 0.1 0.2 0.1 0.1 b.d.
B06-061-12 2198 0.1 0.3 b.d. b.d. b.d. b.d. 0.3 0.3 0.3 0.7 0.1 b.d. b.d. 0.1 b.d.
Average 0.1 0.2 b.d. 0.2 b.d. b.d. 0.2 0.4 0.4 0.6 0.1 0.1 0.1 0.1 b.d.
B07-008-3 2000 b.d. 0.1 b.d. b.d. b.d. b.d. 0.1 0.3 0.4 0.7 0.1 0.2 b.d. 0.2 b.d.
B07-008-4 2000 b.d. 0.1 b.d. b.d. b.d. b.d. b.d. 0.3 0.4 0.7 0.2 0.2 b.d. 0.1 b.d.
B07-008-5 2000 b.d. b.d. b.d. b.d. b.d. b.d. 0.2 0.4 0.5 0.7 0.1 0.2 b.d. 0.1 b.d.
B07-008-6 2000 b.d. 0.1 b.d. b.d. b.d. b.d. 0.2 0.4 0.5 0.6 0.1 0.2 b.d. 0.2 b.d.
B07-008-7 2000 b.d. 0.1 b.d. 0.1 b.d. b.d. 0.2 0.3 0.4 0.7 0.1 0.2 b.d. 0.1 b.d.
B07-008-10 2000 b.d. 0.1 b.d. 0.1 b.d. b.d. 0.2 0.3 0.4 0.6 0.1 0.2 b.d. 0.1 b.d.
B07-008-13 2000 b.d. 0.1 b.d. b.d. b.d. b.d. 0.2 0.3 0.4 0.7 0.1 0.2 b.d. 0.1 b.d.
B07-008-14 2000 b.d. 0.1 b.d. b.d. b.d. b.d. b.d. 0.3 0.3 0.5 0.1 0.2 b.d. 0.2 b.d.
Average b.d. 0.1 b.d. 0.1 b.d. b.d. 0.2 0.3 0.4 0.7 0.1 0.2 b.d. 0.1 b.d.
B06-060-17 2200 0.3 0.8 0.1 0.5 0.1 b.d. 0.2 0.3 0.3 0.2 b.d. b.d. 0.1 0.5 b.d.
B06-060-6 2200 0.2 0.8 0.1 0.5 0.1 b.d. 0.1 0.3 0.4 0.5 0.1 b.d. 0.1 0.1 b.d.
B06-060-28 2200 0.1 0.6 0.1 0.3 0.1 b.d. 0.2 0.4 0.5 0.6 0.1 b.d. 0.1 0.1 b.d.
B06-060-25 2200 0.1 0.6 0.1 0.5 0.1 b.d. 0.2 0.5 0.5 0.7 0.1 b.d. 0.2 0.2 b.d.
B06-060-3 2200 0.5 1.5 0.2 0.6 0.2 b.d. 0.1 0.6 0.5 0.8 0.1 0.1 0.1 0.2 b.d.
B06-060-27 2200 0.3 1.0 0.1 0.4 0.1 b.d. 0.2 0.5 0.6 0.7 0.1 b.d. 0.1 0.1 b.d.
B06-060-15 2200 0.1 0.6 0.1 0.4 0.1 b.d. 0.4 0.5 0.6 0.7 0.1 b.d. 0.1 0.2 b.d.
B06-060-14 2200 1.2 2.3 0.1 0.6 0.2 b.d. 0.3 0.6 0.6 0.8 0.1 b.d. 0.1 0.3 b.d.
B06-060-21 2200 0.5 1.2 0.1 0.5 0.2 b.d. 0.2 0.4 0.5 0.7 0.1 b.d. 0.1 0.2 b.d.
B06-060-4 2200 0.4 1.1 0.1 0.3 0.2 b.d. 0.2 0.5 0.4 0.7 0.1 b.d. 0.2 0.6 b.d.
B06-060-10 2200 0.1 0.5 0.1 0.3 0.1 b.d. 0.2 0.4 0.5 0.8 0.1 b.d. b.d. 0.1 b.d.
B06-060-12 2200 0.2 0.8 0.1 0.4 0.2 b.d. 0.2 0.7 0.6 0.8 0.2 0.1 0.1 0.2 b.d.
B06-060-1 2200 0.2 0.8 0.1 0.4 0.2 b.d. 0.3 0.6 0.5 0.4 0.1 0.1 0.2 0.8 b.d.
B06-060-26 2200 0.1 1.4 0.1 0.5 0.1 b.d. 0.1 0.5 0.5 0.6 0.1 0.1 0.2 0.4 b.d.
B06-060-26 2200 0.1 1.4 0.1 0.5 0.1 b.d. 0.1 0.5 0.5 0.6 0.1 0.1 0.2 0.4 b.d.
B06-060-22 2200 0.1 0.5 0.1 0.4 0.1 b.d. 0.2 0.4 0.4 0.8 0.1 b.d. 0.1 0.2 b.d.
B06-060-24 2200 0.2 0.6 0.1 0.4 0.2 b.d. 0.3 0.4 0.4 0.7 0.1 b.d. 0.1 0.2 b.d.
B06-060-2 2200 0.4 0.9 0.1 0.4 0.1 b.d. 0.3 0.4 0.4 0.4 0.1 b.d. 0.1 0.3 b.d.
B06-060-13 2200 0.6 1.1 0.1 0.3 0.1 b.d. 0.3 0.4 0.5 0.6 0.1 b.d. 0.1 0.5 b.d.
B06-060-18 2200 0.2 0.5 0.1 0.3 b.d. b.d. 0.2 0.5 0.6 0.7 0.2 0.1 0.1 0.2 b.d.
B06-060-19 2200 0.1 0.5 0.0 0.3 0.1 b.d. 0.3 0.3 0.5 0.7 0.1 0.1 0.1 0.1 b.d.
B06-060-23 2200 0.4 1.1 0.1 0.4 b.d. b.d. 0.3 0.5 0.5 0.6 0.1 b.d. 0.1 0.2 b.d.
B06-060-8 2200 0.2 0.5 0.1 0.3 0.1 b.d. 0.3 0.5 0.6 0.8 0.2 0.1 0.1 0.3 b.d.
B06-060-7 2200 0.1 0.4 0.1 0.2 b.d. b.d. 0.3 0.5 0.6 1.1 0.2 b.d. 0.1 0.1 b.d.
Average 0.3 0.9 0.1 0.4 0.1 b.d. 0.2 0.5 0.5 0.7 0.1 0.1 0.1 0.3 b.d.
B07-009-2 2203 b.d. 0.1 b.d. b.d. b.d. b.d. 0.2 0.2 0.3 0.6 0.1 0.2 b.d. b.d. b.d.
B07-009-11 2203 0.3 0.6 b.d. 0.2 0.1 b.d. 0.1 0.4 0.5 0.7 0.2 0.1 0.1 0.2 b.d.
B07-009-5 2203 b.d. 0.1 b.d. 0.2 b.d. b.d. 0.1 0.3 0.4 0.5 0.1 0.1 b.d. 0.1 b.d.
B07-009-6 2203 b.d. 0.2 b.d. 0.2 0.1 b.d. 0.2 0.3 0.4 0.6 0.1 0.1 0.1 0.3 b.d.
B07-009-7 2203 0.1 0.3 b.d. 0.2 0.1 b.d. 0.2 0.4 0.5 0.6 0.1 0.1 0.1 0.3 b.d.
B07-009-8 2203 0.1 0.3 b.d. 0.2 0.1 b.d. 0.2 0.3 0.4 0.6 0.2 0.1 b.d. 0.2 b.d.
B07-009-9 2203 b.d. 0.2 b.d. 0.2 0.1 b.d. 0.2 0.4 0.4 0.5 0.1 0.1 0.1 0.2 b.d.
B07-009-12 2203 b.d. 0.2 b.d. 0.2 0.1 b.d. 0.2 0.3 0.3 0.5 0.1 0.1 b.d. 0.1 b.d.
B07-009-13 2203 0.1 0.2 b.d. 0.2 0.1 b.d. 0.2 0.4 0.4 0.6 0.1 0.1 0.1 0.2 b.d.
B07-009-14 2203 b.d. 0.2 b.d. 0.2 0.1 b.d. 0.3 0.5 0.3 0.7 0.1 0.1 0.1 0.2 b.d.
B07-009-15 2203 b.d. 0.2 b.d. 0.1 b.d. b.d. 0.3 0.4 0.4 0.7 0.2 0.1 0.2 0.4 b.d.
B07-009-18 2203 0.1 0.2 b.d. 0.2 b.d. b.d. 0.2 0.4 0.4 0.6 0.1 0.1 b.d. 0.2 b.d.
B07-009-19 2203 b.d. 0.1 b.d. 0.2 b.d. b.d. 0.2 0.4 0.4 0.6 0.1 0.1 b.d. 0.2 b.d.
Average 0.1 0.2 b.d. 0.2 0.1 b.d. 0.2 0.4 0.4 0.6 0.1 0.1 0.1 0.2 b.d.
B07-065-7 2204 b.d. 0.2 b.d. 0.3 b.d. b.d. 0.2 0.4 0.4 0.5 0.1 0.1 b.d. 0.2 b.d.
B07-065-8 2204 b.d. 0.2 b.d. 0.2 b.d. b.d. 0.2 0.4 0.4 0.5 0.1 0.1 b.d. 0.2 b.d.
B07-065-9 2204 b.d. 0.1 b.d. 0.2 b.d. b.d. 0.2 0.3 0.3 0.5 0.1 0.1 b.d. 0.1 b.d.
B07-065-11 2204 0.1 0.3 b.d. 0.2 b.d. b.d. 0.2 0.3 0.4 0.5 0.1 0.1 0.1 0.3 b.d.
B07-065-12 2204 0.1 0.2 b.d. 0.1 b.d. b.d. 0.2 0.3 0.3 0.5 0.1 0.1 0.1 0.2 b.d.
Average 0.1 0.2 b.d. 0.2 b.d. b.d. 0.2 0.3 0.4 0.5 0.1 0.1 0.1 0.2 b.d.
B06-062-19 2325 b.d. 0.2 b.d. 0.2 0.1 b.d. 0.2 0.2 0.4 0.5 0.1 b.d. b.d. 0.2 b.d.
B06-062-27 2325 b.d. 0.2 b.d. 0.1 b.d. b.d. 0.1 0.3 0.3 0.4 0.1 b.d. b.d. 0.2 b.d.
B06-062-24 2325 b.d. 0.2 b.d. 0.1 0.1 b.d. 0.1 0.3 0.3 0.5 0.1 b.d. 0.1 0.2 b.d.
B06-062-8 2325 0.1 0.3 0.1 0.2 0.1 b.d. 0.1 0.3 0.3 0.3 0.1 b.d. b.d. 0.1 b.d.
B06-062-10 2325 0.1 0.4 b.d. 0.2 0.1 b.d. 0.1 0.3 0.3 0.3 0.1 b.d. 0.2 0.2 b.d.
B06-062-18 2325 b.d. 0.1 b.d. 0.1 0.1 b.d. 0.1 0.3 0.4 0.4 0.1 b.d. 0.1 0.1 b.d.
B06-062-3 2325 b.d. 0.2 b.d. 0.1 b.d. b.d. 0.1 0.3 0.2 0.4 0.1 b.d. 0.1 0.1 b.d.
B06-062-1 2325 0.1 0.3 b.d. 0.2 0.1 b.d. 0.1 0.3 0.2 0.3 0.1 b.d. 0.1 0.2 b.d.
B06-062-12 2325 b.d. 0.2 b.d. 0.2 0.1 b.d. 0.2 0.4 0.2 0.4 0.1 b.d. 0.1 0.1 b.d.
Average 0.1 0.2 0.1 0.2 0.1 b.d. 0.1 0.3 0.3 0.4 0.1 b.d. 0.1 0.1 b.d.
B06-064-4 2495 b.d. 0.2 b.d. 0.2 b.d. b.d. 0.2 0.4 0.4 0.6 0.1 0.1 b.d. 0.1 b.d.
B06-064-5 2495 b.d. 0.2 b.d. 0.3 b.d. b.d. 0.2 0.4 0.3 0.5 0.1 0.1 b.d. 0.1 b.d.
B06-064-14 2495 b.d. 0.2 b.d. 0.2 b.d. b.d. 0.1 0.3 0.4 0.5 0.1 0.1 b.d. 0.1 b.d.
B06-064-15 2495 b.d. 0.1 b.d. 0.2 b.d. b.d. 0.2 0.3 0.3 0.4 0.1 0.1 b.d. 0.1 b.d.
B06-064-22 2495 0.1 0.4 b.d. 0.3 b.d. b.d. 0.2 0.4 0.4 0.5 0.1 0.1 b.d. 0.1 b.d.
Average 0.1 0.2 b.d. 0.2 b.d. b.d. 0.2 0.3 0.3 0.5 0.1 0.1 b.d. 0.1 b.d.
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Table 13.  In Situ Orthopyroxene Trace Element Analyses (ppm)
Sample # Height (m) Sc Ti V Cr Mn Co Ni Cu Zn Sr Y Zr Nb Ba
B06-061-2 2198 50.1 1369.6 165.0 1598.1 3230.9 141.3 493.0 b.d. 213.7 0.3 4.2 5.6 b.d. b.d.
B06-061-9 2198 49.2 1883.6 175.1 1799.5 3314.3 145.3 503.4 0.8 226.5 0.3 3.9 6.1 0.3 0.0
B06-061-11 2198 47.5 1265.1 155.7 1500.1 2857.8 129.2 455.8 1.0 194.3 0.3 4.0 4.8 b.d. 0.2
B06-061-14 2198 52.4 1436.4 175.0 1788.2 3105.5 137.4 483.4 b.d. 213.6 0.2 4.4 5.2 b.d. b.d.
B06-061-19 2198 51.7 1492.2 189.5 1841.7 3412.7 152.7 538.4 0.9 239.2 0.3 4.4 5.4 b.d. b.d.
B06-061-20 2198 59.9 2041.3 199.3 2118.1 4269.5 186.7 640.4 1.5 299.0 0.9 5.0 5.8 b.d. 0.8
B06-061-12 2198 64.5 2408.3 225.9 2252.9 4240.0 187.1 661.0 1.1 289.8 0.3 4.6 5.4 0.2 0.2
Average 53.6 1699.5 183.7 1842.6 3490.1 154.2 539.3 1.1 239.4 0.4 4.4 5.5 0.3 0.3
B07-008-3 2000 34.1 1336.3 135.1 664.6 3515.3 142.6 388.9 b.d. 209.4 b.d. 3.9 7.7 b.d. b.d.
B07-008-4 2000 36.4 1606.6 118.6 649.0 3967.3 162.2 439.7 0.8 226.2 b.d. 3.7 7.8 0.1 b.d.
B07-008-5 2000 38.1 1436.8 156.3 753.0 3644.9 151.3 415.3 0.8 210.3 b.d. 4.4 7.6 b.d. b.d.
B07-008-6 2000 36.6 1614.2 145.1 766.2 4065.0 169.0 458.4 b.d. 236.7 b.d. 4.3 7.3 b.d. b.d.
B07-008-7 2000 34.4 1421.7 147.5 720.3 3348.4 138.8 385.7 1.1 198.8 0.6 4.0 7.2 b.d. 0.2
B07-008-10 2000 31.6 1352.1 138.0 649.8 3669.9 147.9 387.2 4.3 218.0 0.4 4.0 7.1 b.d. 0.6
B07-008-13 2000 30.1 1264.6 129.8 601.1 3131.2 127.8 349.0 0.9 188.9 0.2 4.0 6.5 b.d. b.d.
B07-008-14 2000 26.9 1266.9 114.0 554.7 3165.3 128.0 343.0 0.9 191.0 0.2 3.3 7.4 b.d. b.d.
Average 33.5 1412.4 135.6 669.8 3563.4 145.9 395.9 1.5 209.9 0.4 4.0 7.3 0.1 0.4
B06-060-17 2200 29.1 1444.4 123.2 565.0 2199.7 n/a n/a 0.9 114.5 0.4 2.5 4.6 0.4 0.1
B06-060-6 2200 31.4 857.6 139.0 616.4 2392.6 n/a n/a 0.9 122.5 0.4 3.1 3.6 b.d. b.d.
B06-060-28 2200 38.1 898.8 165.4 715.8 2963.8 n/a n/a 1.2 149.8 0.2 3.8 3.9 b.d. b.d.
B06-060-25 2200 38.8 1129.2 193.6 807.0 3112.5 n/a n/a 1.2 162.2 0.3 3.7 4.7 b.d. 0.2
B06-060-3 2200 41.5 1105.0 203.4 852.0 3298.1 n/a n/a 1.4 173.7 0.3 4.2 4.7 b.d. b.d.
B06-060-27 2200 45.0 1508.7 197.9 860.6 3564.5 n/a n/a 1.4 178.5 0.2 4.3 5.0 b.d. b.d.
B06-060-15 2200 49.0 1548.7 212.5 920.9 3671.9 n/a n/a 1.4 186.8 0.2 4.5 4.1 b.d. b.d.
B06-060-14 2200 48.8 1686.9 203.9 908.8 3725.0 n/a n/a 1.4 188.1 0.3 4.7 5.7 b.d. b.d.
B06-060-21 2200 44.1 1498.8 220.4 973.8 3733.2 n/a n/a 1.3 198.1 0.2 4.1 4.2 b.d. 0.1
B06-060-4 2200 41.9 1445.2 206.3 906.9 3764.9 n/a n/a 1.5 200.7 0.3 3.6 4.2 0.1 0.1
B06-060-10 2200 49.5 1470.7 202.1 918.5 3924.3 n/a n/a 1.4 197.0 0.2 4.6 4.1 b.d. b.d.
B06-060-12 2200 52.9 1772.0 213.2 1028.3 4124.4 n/a n/a 1.6 207.0 0.2 4.6 4.8 0.1 b.d.
B06-060-1 2200 42.7 1341.6 224.4 962.9 3945.7 n/a n/a 1.6 217.9 0.2 4.0 5.0 b.d. b.d.
B06-060-26 2200 45.8 1670.2 235.6 990.5 4062.5 n/a n/a 1.4 217.6 0.3 4.3 6.0 0.1 3.2
B06-060-26 2200 45.8 1670.2 235.6 990.5 4062.5 n/a n/a 1.4 217.6 0.3 4.3 6.0 0.1 3.2
B06-060-22 2200 48.5 1469.0 228.0 977.5 4121.7 n/a n/a 1.5 217.5 0.3 4.5 4.0 b.d. b.d.
B06-060-24 2200 48.8 1740.2 247.6 1053.3 4205.5 n/a n/a 1.7 221.3 0.2 4.2 6.2 0.1 b.d.
B06-060-2 2200 44.2 1487.7 222.2 984.0 4160.1 n/a n/a 1.7 220.5 0.2 3.7 3.3 b.d. b.d.
B06-060-13 2200 44.6 1666.1 179.8 873.9 4266.3 n/a n/a 1.9 214.5 0.2 4.0 3.4 b.d. b.d.
B06-060-18 2200 52.6 1615.4 236.3 1074.8 4257.8 n/a n/a 1.7 221.7 0.2 4.4 4.0 b.d. b.d.
B06-060-19 2200 54.3 1713.5 249.9 1092.7 4349.0 n/a n/a 1.7 224.6 0.2 4.5 3.7 b.d. b.d.
B06-060-23 2200 45.8 1688.4 248.4 1099.0 4468.8 n/a n/a 1.8 237.2 0.2 3.9 4.7 0.1 b.d.
B06-060-8 2200 59.5 1877.5 255.7 1126.8 4530.3 n/a n/a 1.6 234.3 0.1 4.5 4.0 b.d. b.d.
B06-060-7 2200 67.8 2178.2 303.3 1376.4 5581.5 n/a n/a 2.1 289.7 0.1 5.0 4.2 b.d. b.d.
Average 46.3 1520.2 214.5 944.8 3853.6 n/a n/a 1.5 200.5 0.2 4.1 4.5 0.1 1.1
B07-009-2 2203 39.4 1736.1 147.4 1052.5 4894.1 191.2 599.5 0.9 252.5 0.3 2.9 4.0 b.d. 1.1
B07-009-11 2203 38.9 1731.6 159.9 1126.9 4135.6 164.7 548.3 0.9 213.5 0.2 3.2 3.5 0.1 0.1
B07-009-5 2203 37.5 1206.8 130.6 790.7 3026.7 126.2 430.9 0.6 159.8 0.2 3.1 2.4 b.d. b.d.
B07-009-6 2203 37.8 1211.7 134.2 810.8 3077.4 128.8 437.6 0.9 162.8 0.2 3.2 2.9 b.d. b.d.
B07-009-7 2203 33.2 903.8 114.3 728.6 2612.0 109.0 366.5 0.6 139.1 0.4 3.0 3.5 0.1 0.3
B07-009-8 2203 39.9 1457.1 149.1 1002.5 3453.3 140.7 473.4 0.6 181.5 0.2 3.3 2.9 b.d. b.d.
B07-009-9 2203 33.6 884.6 112.5 713.6 2557.6 108.3 371.8 0.5 136.4 0.3 2.9 3.0 b.d. b.d.
B07-009-12 2203 31.1 1028.9 112.1 678.4 2560.8 104.5 354.0 0.7 131.8 0.3 2.8 2.4 b.d. b.d.
B07-009-13 2203 32.7 1108.9 122.4 718.0 2845.5 117.2 390.8 0.8 150.6 0.2 3.2 3.1 b.d. b.d.
B07-009-14 2203 36.8 1186.3 125.4 782.1 2894.5 120.4 412.2 1.2 155.2 0.2 3.4 3.0 b.d. 0.1
B07-009-15 2203 36.7 1363.4 144.6 932.1 3497.4 145.5 489.5 1.7 186.2 0.2 3.2 2.4 b.d. 0.1
B07-009-18 2203 34.9 946.3 130.0 811.3 2881.9 124.3 422.8 0.7 156.7 0.2 3.1 3.5 b.d. 0.9
B07-009-19 2203 34.1 1144.1 130.7 814.7 3030.4 132.4 456.8 0.7 169.0 0.3 3.1 3.2 b.d. b.d.
Average 35.9 1223.8 131.8 843.2 3189.8 131.8 442.6 0.8 168.9 0.2 3.1 3.1 0.1 0.4
B07-065-7 2204 29.8 1041.6 96.3 30.1 2008.9 83.7 156.0 b.d. 111.8 0.1 3.3 3.6 b.d. b.d.
B07-065-8 2204 36.1 826.3 117.7 36.6 2456.9 100.4 184.1 b.d. 136.8 0.1 3.6 3.8 b.d. b.d.
B07-065-9 2204 31.8 1023.5 107.9 33.6 2194.3 89.4 168.4 0.3 121.1 0.3 3.1 3.8 b.d. 0.1
B07-065-11 2204 35.2 929.5 113.6 35.9 2576.5 102.2 185.2 b.d. 144.2 0.2 3.5 4.5 b.d. b.d.
B07-065-12 2204 32.3 1053.7 112.0 37.7 2722.2 108.7 205.8 0.5 151.8 0.1 3.3 3.5 b.d. b.d.
Average 33.0 974.9 109.5 34.8 2391.7 96.9 179.9 0.4 133.1 0.2 3.3 3.8 b.d. 0.1
B06-062-19 2325 38.5 1039.9 148.9 624.4 3045.3 n/a n/a 1.1 149.5 0.2 2.8 3.8 b.d. b.d.
B06-062-27 2325 35.1 953.2 156.5 662.3 3099.7 n/a n/a 1.3 158.9 0.2 2.7 3.3 b.d. b.d.
B06-062-24 2325 35.8 1075.0 165.2 703.6 3209.1 n/a n/a 1.0 160.7 0.3 2.5 3.2 b.d. b.d.
B06-062-8 2325 35.0 918.8 178.1 765.7 3348.3 n/a n/a 1.4 174.1 0.3 2.3 2.5 b.d. 0.7
B06-062-10 2325 36.2 1171.6 192.3 842.8 3653.3 n/a n/a 4.2 198.9 0.3 2.3 2.5 b.d. 0.2
B06-062-18 2325 44.8 1464.4 171.5 752.6 3629.3 n/a n/a 1.7 176.7 0.2 2.9 3.4 b.d. b.d.
B06-062-3 2325 38.3 1042.9 192.9 901.5 3815.5 n/a n/a 1.7 197.9 0.2 2.4 2.3 b.d. b.d.
B06-062-1 2325 38.6 1073.6 194.5 872.3 3889.1 n/a n/a 1.4 197.1 0.2 2.4 2.2 b.d. b.d.
B06-062-12 2325 44.3 1423.6 222.8 974.1 4324.1 n/a n/a 2.0 219.7 0.3 2.6 2.5 b.d. b.d.
Average 38.5 1129.2 180.3 788.8 3557.1 n/a n/a 1.8 181.5 0.2 2.6 2.9 b.d. 0.4
B06-064-4 2495 33.2 1148.1 122.1 533.4 2896.0 121.7 367.8 b.d. 217.0 b.d. 3.9 3.6 b.d. b.d.
B06-064-5 2495 27.9 723.6 99.3 422.5 2154.4 89.6 275.6 0.5 165.4 0.2 3.4 4.3 b.d. b.d.
B06-064-14 2495 32.1 1243.3 108.6 461.2 2985.2 121.3 338.6 0.8 229.1 0.2 3.7 5.2 b.d. b.d.
B06-064-15 2495 33.7 1308.5 129.0 535.1 3052.8 124.3 366.4 0.7 234.0 b.d. 3.3 4.1 b.d. b.d.
B06-064-22 2495 37.8 1583.3 146.7 664.4 3466.2 144.7 417.7 b.d. 275.2 b.d. 4.0 5.6 b.d. b.d.
Average 32.9 1201.3 121.2 523.3 2910.9 120.3 353.2 0.7 224.1 0.2 3.7 4.6 b.d. b.d.
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Thickness (m) 1065 275 340 615 1680Original UUMZ 
magma chamber 
(m) 3490 2700 2765 3040 4105
**Percent expelled 30.5% 10.2% 12.3% 20.2% 40.9%
*The observed lava thickness comes from the stratigraphic column of Twist (1985) in the area of Loskop Dam in the eastern 
Bushveld.  The unit numbers of Twist (1985) are further refined by Harmer & Farrow (1995) into Damwal, Kwaggasnek and 
Schrikkloof
**Assuming the original spatial extent of the Rooiberg and the Bushveld was approximately equal.  Because it is only found 




The Ins and Outs of the Bushveld Complex Upper Zone 
Chapter 3. 
 Apatite as a record of extreme differentiation in the uppermost 




Detailed study of the top 625 m of the Bushveld Complex Upper Zone suggests 
the magma developed a siliceous cap generated by liquid immiscibility.  In situ trace 
element compositions of apatite and other major phases reveal that the lower ~300 m of 
this sequence is characterized by apatite having low REE concentrations and lacking a 
chondrite-normalized europium anomaly; overlying this is an ~325 m-thick stratigraphic 
interval in which apatite REE concentrations are three times higher and possess a 
strongly negative europium anomaly.  The distinction between these two groups occurs 
over a limited stratigraphic range (<50 m).  In addition, the lower part of the stratigraphic 
sequence contains abundant magnetitite and nelsonite layers, while these layers are 
absent in the upper sequence and ilmenite replaces magnetite as the major oxide phase.  
Of the several possible mechanisms evaluated to account for the formation of this 
distinctive stratigraphic sequence, silicate liquid immiscibility resulting in a dense Fe-rich 
magma to form the lower part of the sequence and a buoyant Si-rich magma to form the 
upper part of the sequence is best able to explain the observations.   
In addition, the phases in the upper siliceous cap of the Bushveld Complex are in 
major and trace element equilibrium with the overlying Kwaggasnek and Schrikkloof 
rhyolites and/or Rashoop Granophyres, consistent with their formation as residual liquids 
after extensive fractional crystallization of the Bushveld magmas.  It is concluded that the 
magmas of the Bushveld Upper Zone evolved to produce Fe-rich and Si-rich magmas.  
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Due to its lower liquidus temperature, the siliceous cap may also account for the lack of 
Upper Border Series in the Bushveld, as is typically seen in other smaller intrusions 
where crystallization occurs from the roof downward. 
 
 
1.  Introduction  
 A fundamental problem in igneous petrology is the nature of crystal fractionation 
and extreme magmatic differentiation in producing Fe-rich or Si-rich liquid 
compositions.  Layered mafic intrusions, such as the Skaergaard Intrusion of East 
Greenland and the Bushveld Complex of South Africa, contain a stratigraphic record of 
progressively more evolved mineral compositions and assemblages that can be exploited 
to study the geochemical evolution of the entire system.  These rocks have led, however, 
to contradictory interpretations.  This has famously been the case in the Skaergaard 
Intrusion of East Greenland, where researchers have argued over whether tholeiitic 
magmas evolve toward Fe-rich compositions with relatively constant SiO2 contents 
(Fenner trend) or towards Si-rich compositions (Bowen trend). 
 In the Skaergaard, Si-rich melanogranophyre pods exist within layers of 
ferrodiorite in the cumulate sequence of the Upper Zone (McBirney, 1975).  These, along 
with recent observations of two distinct populations of liquids present as melt inclusions 
in apatites (Jakobsen et al., 2005) and plagioclase (Jakobsen et al., 2011), represent the 
primary evidence for both Fe-enrichment and Si-enrichment due to the unmixing of 
silicate liquids (so-called liquid immiscibility) during the evolution of the Skaergaard 
Intrusion.  Immiscible liquids have also been invoked to account for certain observations 
of the interstitial Skaergaard assemblages (Holness et al., 2001; Humphreys, 2011). 
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 The eastern and western limbs of the Bushveld Complex of South Africa consist 
of an 8 ± 1 km thick sequences of ultramafic to dioritic cumulate rocks whose character 
suggests that the sequences formed via fractional crystallization.  The upper part of the 
Bushveld Complex, however, is unlike the Skaergaard Intrusion, where crystallization 
occurred both from the floor upward and the roof downward so that the most 
differentiated rock is found at the Sandwich Horizon.  Rather, the mineral compositions 
and assemblages in the Bushveld Complex continue to evolve all the way to the contact 
with the overlying roof rocks.  No data on apatite or plagioclase melt inclusions exist for 
the Bushveld Complex, and no pods or layers of melanogranophyre have ever been 
identified in the cumulate sequence.  Yet the same ambiguity in final liquid composition 
exists for the Bushveld as does the Skaergaard. 
 The work presented in Chapter 2 hypothesizes that the Bushveld Complex Upper 
Zone is missing between 15 and 25% of its original magma and that this magma is 
currently represented by they upper portions of the overlying Rooiberg Group rhyolites or 
associated Rashoop granophyres, both of which have traditionally been regarded as older 
than the Bushveld cumulates despite possessing an approximately similar age and Sr 
isotopic composition.  This hypothesis suggests that the Bushveld Complex was a 
shallow intrusion and that the liquid evolved toward a Si-rich composition.   
 As a further test of this hypothesis, I present in situ minor and trace element 
compositions for cumulus apatite, plagioclase, and clinopyroxene in the uppermost 625 m 
of the Bushveld Upper Zone.  Apatite is a particularly good recorder of the composition 
of a coexisting liquid because it contains high abundances of REEs, Y, and other 
typically incompatible elements.  Accordingly, this study uses well-constrained trace 
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element partition coefficients in order to understand the major element consequence of 
igneous differentiation.  If the trace element contents of the upper Rooiberg Group 
rhyolites (the Kwaggasnek and Schrikkloof lavas) and/or Rashoop granophyre are similar 
to those predicted for the liquids from which apatite crystallized, then we may conclude 
two things: (1) the Kwaggasnek and Schrikkloof lavas and/or Rashoop Granophyre 
represents the missing magma from the uppermost portions of the Bushveld chamber; and 
(2) the last residual liquid from which the cumulate sequence crystallized was rhyolitic.    
  
1.1  Stratigraphy and General Petrogenesis 
The Upper Zone of the Bushveld Complex (Molyneux, 1974) is divided into three 
subzones based on cumulus mineral assemblage (Fig. 1).  The lowermost Subzone A 
consists of magnetite gabbro interrupted by 11 layers of magnetitite, as well as 
monomineralic anorthosite layers, and one troctolite horizon.  The base of Subzone B is 
defined by the appearance of Fe-rich olivine.  The lower part of the subzone is dominated 
by olivine gabbro, which grades upward into magnetite gabbro with intercalated 
magnetitite layers.  Approximately 625 m below the roof of the intrusion in the eastern 
Bushveld, Subzone C begins with the appearance of cumulus apatite (with typical modal 
abundances between 4 and 6%).  Subzone C is also host to five additional magnetitite 
layers, the largest of which occurs only 300 m below the roof.  
 Most subzone C rocks are characterized by the 6- to 7-phase assemblage of 
plagioclase + Ca-rich pyroxene + pigeonite + magnetite + olivine + apatite ± ilmenite. 
Major element mineral compositions also evolve significantly over this interval (Fig. 2).  
Clinopyroxene Mg# grades from 58 to 20, olivine Fo content from 34 to 4, and 
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plagioclase from An47 to An40.  Plagioclase is the dominant cumulus phase, accounting 
for approximately 50% of the mode over this interval.  Clinopyroxene is minor and 
occurs both as cumulus and interstitial phases.  Olivine is the dominant Fe-Mg silicate 
phase, making up between 20 and 40% of the mode.  Thus, the entire Upper Zone 
displays an upward trend of chemically more evolved mineral assemblages and 
compositions. 
 Perhaps the most striking feature of the Upper Zone is the iron-rich nature of the 
cumulate rocks.  The Upper Zone is defined by the presence of cumulus magnetite, which 
makes up approximately 5% of the gabbroic rocks throughout the sequence.  It is also 
home to up to 25 cumulus magnetitite layers that contain only minor, interstitial silicate 
phases (typically plagioclase).  Collectively the magnetitite layers comprise over 250 m, 
or 1% of the total Upper Zone stratigraphy.  The magnetitite layers range in thickness 
from a few centimeters up to 60 m in some places and are found at all levels of the Upper 
Zone stratigraphy. 
 
2.  Methods  
 All samples studied here were collected from the Magnet Heights and 
Droogehoek sections of the eastern Bushveld.  Stratigraphic height (m) of samples was 
precisely located relative to the Merensky Reef according to the stratigraphic column of 
Molyneux (1974).  
 Eleven apatite-bearing samples from Subzone C of the Upper Zone were made 
into 100 micron thick-sections for in situ minor and trace element analyses.   Electron 
microprobe analyses of major and minor elements in apatite, plagioclase, clinopyroxene 
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and olivine were collected using the Cameca SX100 electron microprobe at the American 
Museum of Natural History (Tables 1-3).  For apatites, an acceleration potential of 15 
keV, beam current of 10 nA, and count times of 30s on peak and 15s on each 
background, and a defocused beam diameter of 5 microns were used for all elements with 
the exception of Na and F, which were analyzed with a beam current of 4 nA.  The 
Durango apatite standard was regularly reanalyzed as an unknown to monitor accuracy.  
Care was taken to only analyze grains oriented parallel to the C-axis (Stormer et al., 
1993).  Plagioclase, clinopyroxene and olivine analyses were collected with an 
acceleration potential of 15 keV, beam current of 20 nA, and count times of 30s on peak 
and 15s on each background for all elements.  Standards for each phase were regularly 
reanalyzed as unknowns.   
 In situ trace elements in apatite were analyzed using the laser ablation inductively 
coupled plasma mass spectrometer (LA-ICPMS) at the Lamont-Doherty Earth 
Observatory-American Museum of Natural History ICP-MS facility.  The facility is 
equipped with a VG PlasmaQuad ExCell ICP-MS system with a New Wave P-193-FX 
excimer laser ablation system.  Standards BCR, BIR, and BHVO were regularly 
reanalyzed for continuous calibration to account for machine drift, and NIST610 and 612 
were analyzed as unknowns to monitor accuracy.  A spot size of 25 um, a 10 Hz beam 
current, and a power of 2.02 GW/cm2 were used for all apatite analyses.  For each 
analysis, the location of the spot was determined with a petrographic microscope attached 
to the laser apparatus with both plane- and cross-polar light capabilities, in order to avoid 
inclusions or secondary alteration.  For all elements, the calibration regression had an r2> 
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0.99.  Plagioclase and clinopyroxene analyses were performed at both LDEO and the 
Oregon State University Keck Observatory under similar conditions (Tables 1-3).  
 
3.  Results  
 The in situ major and trace element data presented here from the uppermost 625 
m of the Upper Zone (Subzone C) reveals that the lower 300 m of the subzone is 
geochemically distinct from the upper 300 m. This is most evident when looking at the 
REE patterns of the apatite, although plagioclase and clinopyroxene reveal a similar 
trend.  The lowermost population is characterized by major and trace element mineral 
compositions that do not change appreciably from 4005 m to 4305 m (Figs 2, 3) 
(hereafter referred to as the “lower samples”).  The uppermost population (the “upper 
samples”) is characterized by major and trace element compositions that become 
increasingly more evolved with stratigraphic height from 4460 m to the roof at 4625 m.  
A transitional sample at approximately 4355 m is intermediate in both major and trace 
element compositions to the two populations.  All apatites in Subzone C are cumulus 
fluorapatites without significant Cl or OH components (Fig. 4), indicating that they 
formed at magmatic temperatures.  The apatites measured here form a narrow range in 
volatile composition similar to those from the Skaergaard and Munni Munni intrusions 
(Boudreau et al., 1993).  However, as described in detail below, the trace element 
compositions of all phases (apatite in particular) in the two populations cannot be related 
by fractional crystallization from a single liquid.  
 
3.1  The Lower Samples (4000 m to 4305 m) 
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 In the lower samples, average plagioclase anorthite compositions vary 
unsystematically between An50 and An46, clinopyroxene Mg#s are constant around 60, 
and olivine forsterite content ranges unsystematically from Fo31 to Fo35 (Fig. 2).  
Stratigraphic profiles for Sr, Y, Zr, and Zn measured in plagioclase, clinopyroxene, and 
apatite are shown in Figure 3.  These were chosen as representative of the entire suite of 
trace elements measured (Tables 1-3).  Abundances of these elements do not change 
appreciably with stratigraphic height in the lower samples.   
 Rare earth elements (REE) for plagioclase, clinopyroxene, and apatite are shown 
in Figures 5a-c.  For plagioclase, the lower samples have typical chondrite-normalized 
REE patterns with a negative slope and the expected positive Eu anomaly due to the 
compatibility of Eu2+ in plagioclase. Clinopyroxene REE profiles in the lower samples 
are flat with no Eu anomaly. Apatite in the lower samples has a negative REE slope and 
no Eu anomaly.   
 Modal abundances in the dioritic and troctolitic lower samples are dominated by 
olivine (~20%), plagioclase (45-60%), magnetite (7-10%), ilmenite (~4%), and apatite 
(4-6%), with minor clinopyroxene (typically 5-10%, but up to 15%), and pigeonite (2-
4%) in some samples.  There is no evidence for any pervasive secondary alteration, and 
only minor interstitial biotite was found in one sample. 
 The stratigraphic interval defined by the lower samples is host to the uppermost 
five monomineralic magnetitite layers of the Upper Zone (Fig. 1, 2).  Regardless of their 
formation mechanism, the coincidence of the last magnetite seam (Seam 21) at 4300 m 
with the top of the lower samples, at 4305 m, suggests a link between magnetite 
crystallization and this geochemical boundary.  In addition to these magnetite layers, 
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Reynolds et al. (1985) reported abundant apatite-oxide (nelsonite) layers from the 
Beirkraal drill core through the Upper Zone in the western Bushveld and one nelsonite 
layer was reported in the Belleview drill core in the northern limb (Ashwal et al., 2005).  
While it is not immediately clear how these layers correspond to the stratigraphy deduced 
from outcrops in the eastern Bushveld, it is important to note that extensive 
crystallization of apatite (as much as 34% of the mode in some layers [Reynolds, 1985]) 
occurs in the interval directly above apatite saturation. 
 
 
3.2  The Upper Samples (4460 m to 4625 m) 
 Contrary to the lower samples, the major element compositions of the 
ferromagnesian minerals in the upper samples display the expected fractional 
crystallization trend seen throughout the rest of the Upper Zone (Fig. 2).  Clinopyroxene 
Mg# decreases systematically from 44 to 20 near the contact with the roof, and olivine 
becomes progressively more fayalitic, changing from Fo13 at 4600 m to Fo4 at the roof.  
Plagioclase anorthite content, however, remains roughly constant at An45.  Trends in the 
in situ Sr, Y, Zr, and Zn trace element compositions of the major phases also suggest 
crystallization from a magma evolving by fractional crystallization over this interval (Fig. 
3).  
 Chondrite-normalized REE patterns in clinopyroxene and apatite from the upper 
samples possess a negative Eu anomaly and have abundances three-times greater than 
those of the lower samples (Figs. 5b, c).  The concentrations of REE in both 
clinopyroxene and apatite also increase systematically from 4460 m to the roof as would 
be expected during fractional crystallization of incompatible trace elements.  Pyroxene 
and apatite from a “transitional” sample from near the base of the upper sample sequence 
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(4355 m) display REE abundances intermediate between corresponding minerals of upper 
and lower samples, and negative Eu anomalies.   
 Modal abundances in the Upper Samples are dominated by plagioclase (35-50%), 
clinopyroxene (12- 20%), and olivine (20-25%).  Ilmenite (5% of the mode) is the 
dominant Fe-Ti-oxide phase with very little visible magnetite in the thin sections.  At the 
start of the Upper Samples orthoclase enters as a cumulate phase with a modal proportion 
of ~ 5%, which is roughly constant in all rocks up to the roof contact.  Minor quartz 
(<3%) is also present in a few of the samples near the top of the section.  Secondary 
hornblende is pervasive through some sections of the samples, and occurs mainly in 
patches replacing both pyroxene and in some cases orthoclase.  This assemblage is 
similar to that present in the late-stage melanogranophyres of the Skaergaard Intrusion 
(Larsen et al., 2009; McBirney 1975). 
 
3.3  Relationship between the Upper Samples and the Lower Samples 
 In all phases, the slopes of the chondrite-normalized REE patterns are identical 
between the upper and lower samples, suggesting that they are genetically related to one 
another.  Despite the similarity in their REE slopes, the two populations--one with low 
REE abundances and no Eu anomaly and the other with high REE abundances and a 
strong negative Eu anomaly--cannot have crystallized from a single, evolving magma 
composition for two reasons.   
 First, the greater than three-fold increase in REE abundance from the lower 
samples to the upper samples cannot be explained by fractional crystallization.  This is 








= F ( D "1), (eq. 1) 
where C4460m and C4305m are the La concentrations in the liquids at stratigraphic levels 
corresponding to the beginning of the upper samples (4460 m depth) and top of the lower 
samples (4305 m depth), respectively, F is the fraction of liquid remaining in the magma 
chamber, and 
! 
D is the bulk crystal—liquid partition coefficient for La.   
 Using a bulk partition coefficient of 0.515 for La (see Appendix 1 for details), and 
the change in La concentration recorded in the apatites, the fraction of liquid remaining 
after crystallizing through the interval is calculated to be only 7%.  This amount of liquid 
remaining after 155 m of crystallization implies that there should be only 10-15 m of 
magma remaining.  However, there are 165 m of mafic cumulates above this point.  Thus, 
the lower samples and upper samples cannot be related by fractional crystallization alone.   
 Second, the change in REE pattern from the lower samples (no Eu anomaly) to 
the upper samples (strong negative Eu anomaly) cannot be explained by crystallization 
from the same magma.  The absence of a negative Eu anomaly in the clinopyroxene and 
apatite from the lower samples is puzzling from a cumulate standpoint as well as a liquid 
standpoint:  (1) Europium is present as both Eu2+ and Eu3+ in magmas under typical 
oxidation states near FMQ.  Like other REEs, Eu3+, is highly compatible in apatite, with a 
crystal-liquid partition coefficient (D) around 18, whereas Eu2+ behaves similarly to Sr2+ 
in apatite, with a D of about 2.1 (Watson and Green, 1981).  Thus, under typical 
oxidation states, where much of the Eu is present as Eu2+, apatite will have a strong 
negative Eu anomaly.  (2) Even under highly oxidizing conditions, the absence of a 
negative Eu anomaly in the apatite of the lower samples is seemingly inconsistent with 
crystallization from a residual Bushveld liquid.  Due to the compatibility of Eu2+ in 
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plagioclase, the extensive crystallization of plagioclase in all of the cumulate rocks from 
the Upper Critical Zone to the Upper Zone would have depleted the residual liquid in Eu 
relative to the other REE.  Thus at the top of the Bushveld chamber the residual magma is 
expected to have a strong negative Eu anomaly.  
 Given these constraints, the absence of a Eu anomaly in the clinopyroxenes and 
apatites of the lower samples implies crystallization from a strongly oxidized magma 
with a flat REE pattern or positive Eu anomaly.  Whereas the negative Eu anomalies 
present in the apatite and clinopyroxene from the upper samples show the expected 
pattern associated with crystallization from a Bushveld residual liquid under typical 
oxidation states.  Possible explanations for the puzzling lower samples and their 
relationship to the upper samples are explored below. 
 
3.4  Calculation of equilibrium liquid composition 
 The crystal-chemical controls on the partitioning of trace elements between 
plagioclase and liquid (Blundy and Wood, 1991; Bindeman et al., 1998) and 
clinopyroxene and liquid (Blundy and Wood, 1994; Wood and Blundy, 1997) are well-
documented; however, relatively few experiments exist to evaluate this effect in highly 
evolved systems where the melt structure becomes more polymerized (e.g. Mysen and 
Virgo, 1980), such as the one(s) that must have existed during the final stages of 
Bushveld crystallization.  For this reason, apatite is an ideal candidate for calculating the 
equilibrium liquid because its composition remains essentially constant during 
crystallization and therefore does not exert any measurable crystal-chemical control on 
trace element partitioning behavior.  Apatite also contains high concentrations of 
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typically incompatible elements such as the REEs, enabling relatively precise 
measurement.   
 The apatite Ds for most trace elements, particularly REEs, increase with falling 
temperature in increasing melt SiO2 contents but are essentially independent of pressure 
or volatile content in the melt (Watson and Green, 1981; Prowatke and Klemme, 2006).  
Using DREE of Watson and Green (1981) from their run no. 823 with 67 wt% SiO2 in the 
melt and a temperature of 1080°C, I have calculated the liquid in equilibrium with the 
apatites at the top of the Bushveld (Table 4, Fig. 6).  These parameters are a good 
estimate of the conditions likely to be present at the top of the Upper Zone.  Also shown 
in Figure 6 are the measured REE contents of the Kwaggasnek and Schrikkloof 
formations, the upper rhyolitic members of the Rooiberg Group lavas (Buchanan et al., 
2002) (no REE data exist for the Rashoop granophyres).  The Kwaggasnek and 
Schrikkloof rhyolites have similar REE contents to the liquids in equilibrium with the 
upper samples, supporting the hypothesis of VanTongeren et al. (2010) that portions of 




3.5  Calculation of Mineral-Mineral Ds 
 The dataset presented here can also be used to establish mineral-mineral partition 
coefficients for plagioclase-clinopyroxene, plagioclase-apatite, and clinopyroxene-apatite 
for the relevant ranges in composition (Table 5a-c).  Figure 7 shows a strong correlation 
(R2 > 0.88) between Ce compositions for clinopyroxene and plagioclase with Ce in 
apatite.  This correlation extends to all other rare earth elements (with the exception of 
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Eu, explored in detail below) and suggests that all of the phases present in the rocks 
examined here are in equilibrium with one another.   
 
 
4.  Origin of the Upper and Lower Samples 
 The distinct break in the REE patterns of the major phases occurring at 4305 m 
begs the question of how the two populations may be related.  As mentioned, the lack of 
Eu anomaly in the apatites in the lower samples is highly unusual because of the strong 
preference for Eu3+ over Eu2+ in apatite as well as the extensive prior removal of 
plagioclase (and thus Eu2+) from the liquid.  Additionally, the more than threefold 
increase in REE abundance over this short stratigraphic interval cannot be explained by 
fractional crystallization from the same magma composition.  Thus any mechanism for 
the formation of the lower samples and the upper samples must be able to explain the 
changes in both the REE pattern and REE abundance over this interval.  
 
4.1  Evidence for liquid immiscibility in the formation of the lower and upper samples 
 The onset of Si-liquid immiscibility in tholeiitic systems is still not well 
understood; however, it is potentially significant in rocks of dioritic composition 
(Philpotts, 1967) and is commonly associated with apatite saturation in the melt.  During 
liquid immiscibility two distinct liquids are formed, one Si-rich (>68 wt% SiO2) and Fe-
poor (~4 wt% FeO) and the other Fe-rich (~30 wt% FeO) and Si-poor (~40 wt% SiO2) 
(Philpotts, 1976; Roedder and Weiblen, 1970; Dixon and Rutherford, 1979; McBirney, 
1975; Jakobsen et al., 2005).  Liquid-liquid partitioning experiments show that during 
immiscibility P, Ti, Fe, Mg, Mn, and the REE are strongly concentrated in the Fe-rich 
liquid (Watson, 1976).  Indeed, the P and Fe-rich magnetite and nelsonite layers in the 
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Bushveld Upper Zone have been previously attributed to crystallization from a Fe-rich 
immiscible liquid  (Hall, 1932; Lister, 1966; Reynolds, 1985; Harney and von 
Gruenewaldt, 1995; Grobler and Whitfield, 1970). 
 Liquid immiscibility can be difficult to identify in cumulate rocks because upon 
formation the two liquids must be in equilibrium with each other and a single crystalline 
assemblage.  Because the Fe-rich liquid is significantly more dense, once formed it will 
concentrate beneath the Si-rich liquid and the two liquids will become physically 
separated. The physical separation would have allowed them to evolve along independent 
compositional paths as long as there was no exchange between them.  Ultimately, this 
would have resulted in the crystallization of two chemically distinct crystalline 
assemblages.  In the case of Si-liquid immiscibility in the Upper Zone, the lower samples 
likely formed from a segregation of Fe-rich liquid, and the upper samples formed from a 
Si-rich liquid.  
 
4.1.1  Modal Abundances 
 As mentioned, Si-liquid immiscibility has been proposed for the formation of the 
nelsonite layers (Reynolds, 1985, Grobler and Whitfield, 1970) in Subzone C of the 
Upper Zone in the western Bushveld.  These conclusions are based mainly on the 
extreme Fe-rich and Si-poor nature of the cumulates, as well as experiments in the system 
apatite-magnetite-diorite that confirm that in dioritic compositions the eutectic proportion 
of magnetite to apatite is  2:1 (Philpotts, 1967).  Additionally, Harney and von 
Gruenewaldt (1995) showed that the apatite and oxides in the nelsonite layers of the 
western Bushveld form a net-textured matrix into which the silicate minerals exist.  This 
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type of texture is similar to that found in sulfide mineralization horizons, which typically 
form from an immiscible sulfide liquid. 
 Silicate liquid immiscibility was also proposed for the formation of the 
magnetitite layers (Reynolds, 1985; Hall, 1932; Lister, 1966).  There are five magnetitite 
seams in Subzone C, the last of which, Seam 21, occurs at approximately 4300 m, only 5 
m below the uppermost lower sample, and is present at approximately the same level in 
the Bushveld eastern, western (Reynolds, 1985) and northern lobes (Ashwal et al., 2005), 
suggesting that it represents a magma-chamber-wide event.  In the Droogehoek section of 
the eastern Bushveld it is approximately 20 cm thick; however, Reynolds et al. (1985) 
reports a 10 m thick Seam 21 in the western Bushveld, and current mining exploration is 
exploiting a 60 m thick occurrence of Seam 21 in the area to the southwest of the 
Droogehoek section. Thus the rocks of the lower samples are extremely Fe-rich all the 
way to the boundary with the upper samples. 
 By contrast, there are no magnetitite layers or apatite-oxide-troctolite layers above 
4305 m (the sequence of the upper samples), and ilmenite replaces magnetite as the 
dominant cumulus oxide phase.  Furthermore, the presence of orthoclase in all of the 
upper samples (4-7% of the mode) and its absence in the lower samples are consistent 
with formation from a Si-rich liquid because K is strongly partitioned into the Si-rich 
liquid relative to Fe-rich liquid (Naslund, 1983; Veksler et al., 2006).  
 
4.1.2  Major elements 
 One of the major defining characteristics of the lower samples is the lack of 
stratigraphic variation in the major or trace element compositions of all the major phases 
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(Figs. 2, 3, 5) that would be expected during fractional crystallization.  In the case of 
crystallization from a Fe-rich immiscible liquid, however, this might be explained by the 
contrast in densities between the liquid and cumulates.  An immiscible Fe-rich liquid 
similar in major element composition to that identified for the Skaergaard (Jakobsen et 
al., 2005) would have a density of approximately 3.4 – 3.6 g/cm3 (calculated using the 
method of McBirney et al., 1993), and the experimentally derived Fe-rich immiscible 
liquids of Kolker (1982) have densities of approximately 4.0 g/cm3.  The density of 
apatite is approximately 3.19 g/cm3, that of olivine increases with increasing fayalite 
component from approximately 3.3 to 4.0 g/ cm3, the densities of diopside-hedenbergite 
solid-solutions are in a similar range (3.4 - 3.6 g/cm3), and magnetite-ulvospinel solid 
solution has a density between 4.7 and 5.15 g/cm3.  Thus, the Fe-rich liquid that 
crystallized the lower samples may have been dense enough so that crystals, except for 
magnetite, remained suspended in it.  Without the removal of crystals from the 
convecting magma, the system may have evolved under equilibrium (or batch) 
crystallization without any stratigraphic variation in mineral compositions.   
 
4.1.3  Trace Elements – The effects of temperature and melt composition on Ds  
 According to Watson (1976), during immiscibility the Fe-rich liquid will 
concentrate the REEs by a factor of three to five times relative to the Si-rich liquid 
(
! 
DREEFe" liq / Si" liq= 3-5).  Yet the apatite REE concentrations of the lower samples are three 
times lower than those of the upper samples.  A possible explanation for this may lie in 
the dependence of 
! 
DREEAp" liqon the temperature and SiO2 content of the melt.  As melt SiO2 
increases and as temperature decreases, the 
! 
DREEAp" liq  increases (Watson and Green, 1981; 
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Prowatke and Klemme, 2006).  If the lower samples crystallized from a Fe-rich melt with 
only 40 wt% SiO2, then the appropriate partition coefficient should be used to calculate 
the liquid composition.   
 The olivine saturation surface defined by the olivine-liquid Fe-Mg Kd from 
Roeder and Emslie (1970) predicts the temperature and Fo content of olivine that will 
crystallize from a liquid with given FeO and MgO content (Fig. 8).  Assuming the Fe-rich 
liquid was similar in composition to that identified in melt inclusions from the 
Skaergaard Intrusion (mol% FeO = 29.2 (30.85 wt%), mol% MgO = 3.97 (2.85 wt%); 
Jakobsen et al., 2005), the temperature of the Fe-rich liquid that crystallized the Fo30 
olivines of the lower samples was approximately 1084°C.   
 The Roeder and Emslie (1970) parameterization of Kd, however, is not applicable 
to highly Si-rich liquid compositions (Kilinc and Gerke, 2003).  As a consequence the 
temperature present during the crystallization of the upper samples is not well 
constrained.  Due to their difference in bulk composition, the Si-rich liquid (similar in 
composition to a granite or rhyolite) is likely to have a lower liquidus temperature and 
remain molten to lower temperatures than that of the Fe-rich liquid.  Thus, the Si-rich 
rocks may record a lower crystallization temperature.   
 The effects of temperature and melt composition on the trace elements recorded in 
the apatites can be quantified by application of the appropriate 
! 
DREEAp" liq  (all partition 
coefficients used here are calculated from Watson and Green [1981]).  Figure 9a shows 
the liquid composition from all Subzone C apatites calculated using a constant 
! 
DREEAp" liq  
assuming a melt with 67 wt% SiO2 and a temperature of 1080°C (their run no. 823). 




DREEAp" liq  appropriate for a 40 wt% SiO2 liquid, and the upper samples using a 
! 
DREEAp" liq  appropriate for a 67 wt% SiO2 liquid, both at 1080°C (data shown in Table 4).   
 In Figure 9b, the liquid REE contents calculated from the lower samples (the Fe-
rich liquid) are approximately 1-2 times greater than those calculated for the upper 
samples (the Si-rich liquid).  While this factor is slightly smaller than the 
! 
DREEFe" liq / Si" liq  
predicted from the experiments of Watson (1976), it is in agreement with the experiments 
of Veskler et al. (2006) showing that REE abundances are one to two times greater in the 
Fe-rich liquid relative to the Si-rich liquid.   
 Figure 9c shows the calculated liquid compositions from the upper samples using 
a 
! 
DREEAp" liq  for 67 wt% SiO2 melt with a temperature of 1000°C, and for the lower samples 
a 
! 
DREEAp" liq  for a melt with 40 wt% SiO2 at 1080°C.  In this case, the REE content of the 
liquid in equilibrium with the upper samples is 2-3 times lower than those predicted from 
the lower samples (with the exception of La and Ce, which are approximately equal in 
both of the calculated liquids).  This is similar to the 
! 
DREEFe" liq / Si" liq  determined by Watson 
(1976).   
 Due to their physical separation at the top of the Upper Zone, the Fe-rich liquid 
and the Si-rich liquid were able to evolve along different geochemical paths, resulting in 
two distinct crystal populations.  Thus, the discrepancy between the equilibrium 
! 
DREEFe" liq / Si" liq  experiments of Watson (1976) and the calculations presented above is 
expected.  The trace element abundances recorded by apatites from the lower samples 
and upper samples are therefore consistent with formation from two physically separated 
immiscible liquids: one with low SiO2 contents and a higher liquidus temperature (the 
114
lower samples), and the other with high SiO2 content and a lower liquidus temperature 
(the upper samples). 
 
4.1.4  The formation of nelsonites and apatite-oxide rich rocks 
 While a coherent picture of liquid immiscibility emerges from the observations 
described above, liquid immiscibility does not explain the puzzling lack of Eu anomaly in 
the apatites from the lower samples.  Interestingly, however, the observed lack of Eu 
anomaly in the apatites of the lower samples is not uncommon to nelsonite and apatite-
oxide rich rocks.  Apatites lacking a Eu anomaly have been documented in nelsonites 
from the Labrieville anorthosite massif (Dymek and Owens, 2001), the Kiruna nelsonite 
deposit associated with precambrian alkali-rich felsic volcanics (Parak, 1975), the Kodal 
and Kydlandsvatn nelsonites in the noritic/granitic zone of the South Rogaland Igneous 
Complex (Bergstol, 1972; Roelandts and Duchesne, 1979), the Llallagua and Panasqueira 
tin deposits (Roeder et al., 1987), and from other layered intrusions such as the Sept Isles 
Intrusion (Tollari et al., 2008).  Most researchers have appealed to crystallization under 
high fO2 and/or from a liquid with no prior plagioclase crystallization to explain the lack 
of Eu anomaly.  Nelsonites, however, are frequently associated with massif anorthosites 
and the upper parts of plagioclase-rich layered intrusions; and a review of oxygen 
fugacity in a number of different nelsonite occurrences shows all crystallized near the 
FMQ oxygen buffer (Kolker, 1982), as appears to have been the case in the Bushveld as 
well (see below).  Thus, a satisfactory explanation for the unusual apatite REE signatures 
in nelsonites remains elusive. 
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 The formation of nelsonite and apatite-oxide rich layers themselves is also 
unclear.  Some authors have suggested that they form via crystal fractionation and 
accumulation (Tollari et al., 2008; Dymek and Owens, 2001), while others have asserted 
they formed with the generation of Fe-Ti-P-rich immiscible liquids (Philpotts, 1967; 
Reynolds, 1985; Grobler and Whitfield, 1970).  Regardless, the presence of nelsonites in 
the lower samples studied here suggests that the lack of Eu anomaly may be intrinsic to 
their formation. 
 
4.2  Other mechanisms to explain differences between the lower and upper samples 
 No other mechanism is able to explain a majority of the observations in the lower 
samples and upper samples; however, a brief review of other possibilities is provided 
here: 
(1) A drastic change in fO2 
 If the lower samples crystallized under more oxidizing conditions than the upper 
samples, this may account for the lack of Eu anomaly in the apatites over this interval.  
There are three problems with this hypothesis.  First, due to the extensive prior 
crystallization of plagioclase, the liquid at this level should have a negative Eu anomaly.  
Even if all of the liquid Eu were present as Eu3+, apatite and clinopyroxene would take up 
Eu in proportion to that of the liquid and should have a negative Eu anomaly.  In 
addition, all plagioclase analyses from the lower samples have a positive Eu anomaly, 
indicating that at least some of the liquid Eu was present as Eu2+.  Second, REE partition 
coefficients for apatite-liquid are not strongly dependent on oxygen fugacity.  Therefore a 
change in fO2 cannot explain the greater than threefold increase in REE abundance from 
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the lower samples to the upper samples.  Third, temperature and oxygen fugacity 
calculated using the QUILF program (Anderson et al., 1993) with the observed phase 
assemblage and mineral compositions for each sample shows that both the lower samples 
and upper samples cooled along the same oxygen buffer – approximately FMQ-1 (Fig. 
10).  Thus, there is no measurable change in fO2 recorded in the rocks from the lower 
samples to the upper samples.    
 
 
(2) An influx of new magma  
 Magmatic input above 4305 m may explain the change in character of the liquid 
at this level.  However, the slope of the REE pattern does not change from the lower to 
the upper samples, suggesting that the two populations are derived from a similar liquid.  
Additionally, the more than three-fold increase in REE abundance and the progression of 
major element mineral compositions above 4305 m would require the new magma to be 
cooler and more geochemically evolved than the resident magma below.  The Sr isotopic 
composition of the new magma would need to have been similar to the resident magma in 
order to have maintained the constant isotopic composition from the lower samples to the 
upper samples.  While an influx of new magma below 4305 m would fit the data better, it 
is also unlikely due to the Fe-rich nature of the lower samples.  Melts with the requisite 
amount of Fe (> 20 wt% FeO) are not commonly found in any tectonic setting, 
potentially due to the fact that their high density makes it difficult for them to ascend 
through the crust.  
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 Influx of a new magma to form the upper samples or the lower samples can also 
be ruled out by the high degree of correlation in the ratios of incompatible elements 
between the two populations of apatite (Fig. 11).   
 
(3) The presence of a late-stage metasomatizing interstitial liquid 
 All of the apatites analyzed for this study were carefully picked via petrographic 
microscope as being cumulus based on their euhedral/subhedral character (in some cases, 
the apatites were found as inclusions within other minerals) and modal abundance.  
Further, all of the apatites in Subzone C are fluorapatites and contain negligible amounts 
of the chlorine or hydroxyl component (Fig. 4) that would be expected for a 
metasomatizing interstitial liquid.  Additionally, plagioclase and clinopyroxene 
compositions show the same general increase in trace element and REE abundance over 
this interval and are in equilibrium with apatite in all cases (Fig. 7).  It is unlikely that a 
late-stage metasomatizing melt could reset the trace element signature of the entire 
mineral assemblage.   
 
(4) Magma mixing as a result of assimilation of roof material 
 Assimilation of roof material could explain the decrease in clinopyroxene and 
olivine Mg# as well as the increase in REE abundances.  Once again, however, the slope 
of the REE pattern does not change, so the assimilant would be required to have had the 
same overall REE slope as the resident magma and more than three times the REE 
content. Understanding of the role of in situ assimilation in the Upper Zone is 
complicated by the enormity of the intrusion.  The roof of the Bushveld Complex is 
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highly variable.  In some places it is meta-sedimentary, containing large blocks of 
quartzite; in others the host rock is igneous, Rooiberg lava or Rashoop granophyre; and in 
many cases the original roof rock cannot be determined due to the intrusion of Lebowa 
granites at the contact.  In the case of the meta-sediments, assimilation (especially of the 
quartzites) is not likely to produce the more than threefold increase in incompatible trace 
element abundances that is required.  In the case of the igneous roof rocks this increase 
may be more feasible; however the degree of partial melting would have a significant 
effect on the composition assimilated.  Regardless, the isotopic composition of the Upper 
Zone remains more or less uniform from the Pyroxenite Marker to the roof (Sharpe, 
1985; Kruger et al., 1987), although no data are available for the individual samples used 
here.  The assimilated roof material would need to possess the exact same Sr isotopic 
composition as the Upper Zone or no detectable Sr signature at all. 
 
5.  Relationship to the Rooiberg and/or Rashoop 
 The results presented here show that the Kwaggasnek and Schrikkloof rhyolites 
(and by inference, the Rashoop granophyres) are in trace element equilibrium with the 
phases present at the top of the Upper Zone of the Bushveld Complex at apatite 
crystallization temperatures near 1080°C (Fig. 6; Fig. 9).  If the Kwaggasnek and 
Schrikkloof lavas represent the escaped melt from the top of the Bushveld Upper Zone, 
then the major element composition of the phenocrysts should also be similar in 
composition to the cumulates of the Upper Zone.  The Rooiberg Group lavas contain very 
few phenocrysts; however, some data are available to test the hypothesis.   
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 Schweitzer (1998) measured clinopyroxene, olivine, and amphibole compositions 
from the Kwaggasnek formation.  Clinopyroxene Mg#s in the Kwaggasnek lavas range 
from 12.2 to 33.6 with a mean of 20.2.  Clinopyroxene Mg#s measured for this study 
decrease with increasing stratigraphic height.  Mg#s from the upper samples range from 
43.5 at 4460 m to 19.5 near the roof (4950 m).  Thus the compositional range of 
Kwaggasnek clinopyroxene phenocrysts overlap that of clinopyroxene in the upper 
samples of the Bushveld.  For olivines Schweitzer (1998) reports a single phenocryst 
composition from the Kwaggansek lavas of Fo9.  This also overlaps the range in olivine 
composition found in the upper samples (Fo13 at 4460 m to Fo4 at 4590 m).  Twist (1985) 
reported a single plagioclase phenocryst from the Rooiberg lavas with a composition of 
An5 but did not provide any information on the analysis or the unit from which it came.  
Thus, no meaningful data for plagioclase phenocryst compositions exist for comparison 
with the Upper Zone cumulates.   
 Both trace element compositions and the little that is known about phenocryst 
compositions of the Kwaggasnek and Schrikkloof rhyolites are consistent with their 
having originated as differentiates of the Bushveld mafic magmas.  
 
6.  Summary and Conclusion  
 The results presented here show that Subzone C of the Upper Zone appears to be 
divided into two distinct groups.  The rocks corresponding to the lower samples are 
characterized by constant major and trace element mineral compositions, and 
comparatively low abundances of the REEs with patterns lacking the expected Eu 
anomalies in clinopyroxene and apatite.  The rocks of the upper samples, by contrast, 
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exhibit the expected major and trace element mineral fractionation all the way to the 
contact with the roof, and also have REE abundances and patterns that would be expected 
for a magma at this level.  No mechanism investigated here is able to account for the lack 
of Eu anomaly in the lower samples; however, the results support earlier conclusions that 
the nelsonite and magnetitite layers in the lower samples formed from a Fe-rich 
immiscible liquid. 
 If the upper and lower samples at the top of the Upper Zone crystallized from two 
immiscible liquids, then the Bushveld represents the first discovery of large-scale (>300 
m) liquid immiscibility and unmixing in a magma chamber.  While good evidence exists 
for immiscibility in the Skaergaard, the immiscibility is seen in the form of 
melanogranophyre pods within layered ferrodiorite cumulate rocks as well as melt 
inclusions where Fe-rich and Si-rich liquids are in close association with one another.  
The lack of distinct melanogranophyre segregations in the Bushveld cumulate record may 
be due to the difference in size of the two intrusions.  The Bushveld is over 650 times 
larger than the Skaergaard and likely is better able to develop much larger chemically and 
physically segregated immiscible liquids.   
 Furthermore, the difference in crystallization temperature between the lower 
samples and the upper samples may have allowed the uppermost portion of the Bushveld 
to remain molten during continued cooling, and potentially collect any late-stage 
interstitial liquid rising from the unconsolidated cumulate pile below.  The low liquidus 
temperature for the Si-rich liquids might also explain the lack of Upper Border Series in 
the Bushveld, compared to what is typically seen in smaller intrusions where 
crystallization occurs from the roof down as well as the floor up.  
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 Assuming a crystallization temperature near 1080°C, the trace element 
compositions of the mineral phases, apatite in particular, in the upper samples of the 
Upper Zone are in equilibrium with the Kwaggasnek and Schrikkloof lavas and/or the 
Rashoop granophyres (Figs. 6 and 9).  This conclusion supports the hypothesis of 
VanTongeren et al. (2010) that the upper rhyolitic portions of the Rooiberg Group lavas 
and/or Rashoop granophyres represent the missing melt from the Bushveld Complex, and 
were derived by fractional crystallization of the mafic rocks.   
 The connection between the Bushveld and the Rooiberg Group lavas may also 
have implications for the formation of other large-volume Si-rich rhyolites.  If prolonged 
fractional crystallization of a Si-saturated tholeiitic liquid can produce both Fe-rich 
cumulates and Si-rich lavas, then this process has likely operated at a variety of scales 
and in a variety of tectonic settings and also may be important in the generation of 
aphyric rhyolite flows, similar to those of the Rooiberg lavas.     
 
Appendix 1: 
 Because apatite does not exert a strong crystal-chemical control on the 
partitioning of trace elements, I use the amount of La measured in apatite as a proxy for 
melt composition.  This assumption has no significance on the result because the 
abundance of La calculated for the final liquid is relative to the original liquid 
(Cfinal/Coriginal).  Apatite REE partitioning is most strongly influenced by SiO2 of the melt 
and the crystallization temperature (Watson and Green, 1981).  For the purposes of this 
calculation I have assumed a melt SiO2 content of approximately 67 wt%, T = 1080°C, 
which corresponds to a DLa for apatite of approximately 8.  The appropriate partition 
coefficients for plagioclase and clinopyroxene were calculated using the major element 
composition of the phases according to Bindeman et al. (1998) and Wood and Blundy 
(1997), respectively.  
 
DLaAp = 8 (Watson and Green, 1981)  Mode Apatite = 5% 
DLaCpx= 0.05 (Wood and Blundy, 1997)  Mode Clinopyroxene = 10% 
DLaPlag = 0.2 (Bindeman et al., 1998)  Mode Plagioclase = 55% 
DLaOther = 0       Mode Other = 30% 
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For simplicity, I have assumed that the olivine and magnetite present in these samples 
have a DLa = 0; however some studies report high values for REE in olivine and the 
oxides.  In fact, in high Si rhyolites the DLaOl can be as high as 44 (Michael, 1988), and 
the DLaMt can be up to 32 (Mahood and Hildreth, 1983).  Incorporating such numbers 
would drive the bulk D to values > 1, and La concentration should decrease, not increase, 
from the lower samples to the upper samples.  Furthermore, apatite in the lower samples 
(where olivine and magnetite are dominant) accounts for nearly 100% of the REE budget 
in the whole rock, suggesting that Ds for all other minerals are small.   
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Figure 1.  General stratigraphic column of the Upper Zone with subzone delineations 
following Molyneux (1974).  Inset is a blow up of subzone C.  Stratigraphic height is in 








































Figure 2.  Major element (Mg# and Ca#) of the major phases with stratigraphic height in 
subzone C.  Data shown can be found in Chapter 2 of this thesis.  Numbered black lines 
indicate the location of magnetitite seams.  The shading distinguishes the geochemically 
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Figure 3.  In situ trace element composition of plagioclase, clinopyroxene, and apatite 
with stratigraphic depth in subzone C of the Upper Zone.  Sr, Y, Zn, and Zr were chosen 










Figure 4.  Proportions of OH, F, and Cl of apatites from the Upper Zone of the Bushveld 
Complex obtained by electron microprobe (Table 1).  Fields for cumulus apatite from 
Skaergaard, Munni Munni, Great Dyke and fields for intercumulus apatites from Bushveld 










































Figure 5.  Chondrite-normalized rare earth element concentrations measured in (a) 
plagioclase; (b) clinopyroxene; (c) apatite.  Note the different scales of the ordinates.  
Dashed lines indicate analyses from the lower samples, and solid lines correspond to those 
from the upper samples.  The stratigraphic depths of each sample are shown in the legend.  













































































































Figure 6.  Chondrite-normalized rare earth composition of the liquid predicted to be in 
equilibrium with the apatites in the Upper Zone.  Equilibrium liquid calculated using the 
partition coefficients of Watson and Green (1981) for a 67 wt% SiO2 melt (see text for 
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Figure 7.  Ce contents of plagioclase and clinopyroxene vs. Ce content of apatite from the 
same samples.  Good correlation (r2>0.9) suggests that all of the minerals analyzed for this 
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Figure 8.  Olivine saturation surface from Roeder and Emslie (1970).  Stars for Fe-rich 
liquid represents the composition of melt inclusions trapped in apatite from the Skaergaard 
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Figure 9.  Chondrite-normalized rare earth element concentrations predicted to be in equi-
librium with apatites from the Upper Zone.  Liquids calculated using (a) constant DREE for 
all samples (same as that shown in figure 6); (b) using a DREE appropriate for a 67 wt% 
SiO2 magma at 1080°C for the upper samples and a DREE appropriate for a 40 wt% SiO2 
magma at 1080°C for the lower samples; (c) liquid from upper samples calculated using 
DREE for 67 wt% SiO2 and 1000°C and liquid from lower samples calculated using DREE for 




























Figure 10.  Oxygen fugacity calculated using the QUILF program (Anderson et al., 1993) 
based on the phase assemblage and composition for each sample.  Circles represent lower 
samples, squares represent upper samples.  There is no measurable change in oxygen 






















Figure 11.   Average U/Zr and Th/Zr measured in apatites from the upper and lower 
samples.  The trace elements U, Th, and Zr are all highly incompatible in apatite, and there-
fore differences in the crystal-liquid partitioning are small, such that the ratios of these 
elements should reflect the original liquid ratio from which the apatite crystallized.  The 
two-liquid partitioning experiments of Veksler et al. (2006) show that Zr has a DFe-liq/Si-
liq of approximately 1.66 – very similar to the DFe-liq/Si-liq of Th (1.84) and U (1.73).  
Thus, the partitioning between Fe-liquid and Si-liquid should be roughly equal among 
these three elements.  The high degree of correlation between the incompatible trace 
element ratios U/Zr versus Th/Zr suggests that the two populations of liquids are coge-
netic.  The greater degree of fractionation of incompatible elements seen in the upper 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 5.  Mineral-Mineral Partition Coefficients determined for each sample.
n.a. = no analysis or below detection limit for a given element in one or both mineral phases
(a) Plagioclase/Clinopyroxene
Lower Samples Upper Samples 
B06-029 B07-027 B06-037 B07-036 B07-037 B07-038 B07-039 B07-040
4083 4232 4305 4460 4508 4530 4555 4573
ol gabbro ol gabbro ol mt gb ol mt gb ol mt gb ol mt gb ol mt gb
Plag An 45.26 47.13 45.66 42.22 45.05 46.33 40.02 38.61
Cpx Mg# 58.11 59.92 60.15 43.55 39.64 38.87 21.73 19.6
Sc n.a. 0.01 0.01 0.00 0.01 0.01 0.01 n.a.
Ti 0.08 0.10 0.10 0.06 0.07 0.06 0.06 0.04
V 0.00 0.00 0.00 0.00 n.a. n.a. n.a. n.a.
Cr 1.25 n.a. 0.88 0.91 1.37 1.24 0.70 1.24
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cu n.a. 0.39 0.05 0.68 n.a. 0.95 n.a. n.a.
Zn 0.05 0.05 0.05 0.04 0.05 0.05 0.06 0.05
Rb n.a. n.a. n.a. n.a. 2.65 5.10 n.a. 2.22
Sr 41.51 43.72 44.23 35.99 39.68 31.59 29.71 23.65
Y 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00
Zr n.a. 0.00 0.00 0.00 n.a. 0.00 n.a. n.a.
Ba 852.48 1496.09 1010.54 1658.68 801.40 254.55 n.a. 690.14
La n.a. 3.35 4.28 0.77 0.96 0.82 0.55 0.43
Ce n.a. 0.96 1.36 0.28 0.34 0.28 0.20 0.17
Pr n.a. 0.39 0.55 0.13 0.15 0.13 0.10 0.08
Nd n.a. 0.20 0.29 0.07 0.09 0.07 0.06 0.05
Sm n.a. 0.07 0.07 0.03 0.03 0.02 0.02 0.02
Eu n.a. 2.09 2.03 2.48 3.08 2.29 3.14 2.57
Gd n.a. 0.03 0.04 0.01 0.02 0.02 0.01 n.a.
Dy n.a. 0.01 0.01 0.00 n.a. 0.01 n.a. n.a.
Er n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Yb n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Lu n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Hf n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Ta n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Pb 17.39 21.45 19.10 14.20 15.46 16.29 15.54 14.75
Th n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
U n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Table 5.  Mineral-Mineral Partition Coefficients determined for each sample. 
 n.a. = no analysis or below detection limit for a given element in one or both mineral phases
(b) Apatite/Plagioclase
Lower Samples Upper Samples
B06-029 B07-027 B06-037 B07-036 B07-037 B07-038 B07-039 B07-040
4083 4232 4305 4460 4508 4530 4555 4573
ol gabbro ol mt gb ol mt gb ol mt gb ol mt gb ol mt gb ol mt gb ol mt gb
Plag An 45.26 47.13 45.66 42.22 45.05 46.33 40.02 38.61
Sc n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Ti n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
V n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Cr n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Mn n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Cu n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Zn n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Rb 0.04 0.12 0.08 0.60 0.38 0.27 1.19 0.39
Sr 0.50 0.48 0.49 0.41 0.35 0.36 0.35 0.36
Y 4831.74 8204.02 3969.11 2668.38 1681.79 2015.87 2908.76 2739.00
Zr n.a. 82.26 65.57 27.47 n.a. 23.55 n.a. n.a.
Ba 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00
La 147.10 224.17 139.12 141.87 127.74 111.89 127.84 141.14
Ce 249.80 415.22 247.73 230.32 177.94 160.91 207.60 211.00
Pr 334.83 648.69 370.19 348.13 258.61 233.06 330.61 309.04
Nd 523.67 1004.34 545.30 507.85 389.20 385.25 547.58 507.15
Sm n.a. 1594.20 1054.75 825.84 722.57 698.32 1003.53 832.02
Eu 21.60 39.86 34.70 5.74 6.68 6.06 6.23 4.79
Gd n.a. 3226.00 1923.55 1534.52 805.82 697.83 1478.18 n.a.
Dy n.a. 5731.68 4115.68 2402.46 n.a. 1059.53 n.a. n.a.
Er n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Yb n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Lu n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Hf n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Ta n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Pb 1.08 1.30 1.45 0.78 0.74 0.60 0.56 0.45
Th n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
U n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Table 5.  Mineral-Mineral Partition Coefficients determined for each sample. 
 n.a. = no analysis or below detection limit for a given element in one or both mineral phases
(c) Apatite/Clinopyroxene
Lower Samples Upper Samples
B06-029 B07-027 B06-037 B07-036 B07-037 B07-038 B07-039 B07-040
4083 4232 4305 4460 4508 4530 4555 4573
ol gabbro ol mt gb ol mt gb ol mt gb ol mt gb ol mt gb ol mt gb ol mt gb
Cpx Mg# 58.11 59.92 60.15 43.55 39.64 38.87 21.73 19.60
Sc n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Ti n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
V n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Cr n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Mn n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Cu n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Zn n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Rb n.a. n.a. n.a. n.a. 1.00 1.39 n.a. 0.86
Sr n.a. 20.98 21.78 14.86 13.77 11.46 10.31 8.57
Y n.a. 59.90 45.07 10.62 8.74 7.02 10.45 7.51
Zr n.a. 0.26 0.19 0.03 0.04 0.04 0.04 n.a.
Ba n.a. 18.44 13.32 5.21 1.40 0.94 n.a. 2.12
La n.a. 751.69 595.49 109.82 122.54 91.70 70.26 60.02
Ce n.a. 399.19 337.95 64.59 59.86 45.22 41.55 35.15
Pr n.a. 252.93 202.92 45.22 39.11 30.12 31.78 24.48
Nd n.a. 202.17 158.84 37.91 33.71 26.42 30.70 23.47
Sm n.a. 112.98 78.67 21.27 19.45 14.76 19.33 13.41
Eu n.a. 83.38 70.34 14.22 20.57 13.89 19.52 12.31
Gd n.a. 90.00 68.13 17.85 14.93 11.75 17.56 11.56
Dy n.a. 57.92 46.06 11.35 9.59 7.93 11.98 8.15
Er n.a. 45.35 36.59 8.52 7.29 5.63 8.84 5.81
Yb n.a. 32.67 25.40 5.28 5.51 4.29 5.27 3.95
Lu n.a. 25.20 20.87 3.95 4.20 3.23 3.88 3.08
Hf n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Ta n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Pb n.a. 27.99 27.76 11.07 11.51 9.84 8.77 6.61
Th n.a. 1473.61 1161.98 89.84 92.17 107.17 140.59 105.52
U n.a. 1097.72 780.03 82.46 82.35 73.05 86.55 93.40
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The Ins and Outs of the Bushveld Complex Upper Zone 
Chapter 4.  
Incoming magma composition and style of recharge below the Pyroxenite 




 A well known, pronounced geochemical reversal occurs approximately 350 m 
below the Pyroxenite Marker of the Bushveld Complex, suggesting input of a hotter, 
more primitive magma into the resident chamber.  The identification of the major and 
trace element parent magma composition to the Upper and Upper Main Zones (UUMZ) 
by VanTongeren et al. (2010) allows the reevaluation of previous estimates for the 
amount and composition of the added magma.  Here I present in situ major and trace 
element data for plagioclase, clinopyroxene, and orthopyroxene through the reversal 
interval, which is interpreted to represent the interval over which the incoming and 
resident magmas mixed and crystallized.  The continued crystallization during recharge 
recorded by these compositions must be produced by gradual, periodic magma input over 
the interval of mixing.  From calculated trace element mineral—liquid partition 
coefficients, I then calculate the proportions and compositions of incoming magma and 
resident Main Zone magmas.  The calculated incoming magma composition is similar to 
that of the magma thought to be parental to the Bushveld Main Zone.  The stratigraphic 
progression in the Bushveld parent magmas from relatively low (87Sr/86Sr)i ratios but 
fractionated REE patterns and high REE abundances to relatively high (87Sr/86Sr)i ratios 
with less fractionated REE patterns and lower REE abundances is seemingly decoupled 
from what would be expected from increasing degrees of crustal assimilation.  This 
signature, however, can be explained by a model in which the magmas parental to the 
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Lower Zone contained large proportions of relatively unradiogenic lower crust, while 
those parental to the Critical, Main, and Upper Zones of the complex contained 
comparatively smaller amounts of more radiogenic mid- to upper-crustal material. 
   
 
1.  Introduction  
The proper identification and quantification of the source magmas to the 
Bushveld Complex are fundamental to our understanding of its formation and evolution.  
Some researchers consider the Bushveld magmas to have been the result of extensive 
contamination of a komatiite magma intruded into the lower to middle crust of the 
Kaapvaal Craton (e.g., Barnes, 1989).  The high SiO2 and high MgO composition of sills 
and dikes thought to be parental to the lower parts of the Bushveld (Eales, 2002 and 
references therein), as well as the radiogenic but variable Sr, Nd, Os, and Pb isotopic 
compositions of Bushveld rocks (Sharpe et al., 1985; Kruger et al., 1987; Maier et al., 
2000, McCandless et al., 1999, Harmer et al., 1995; Prevec et al., 2005) are generally 
consistent with this hypothesis.  However, the presence of mantle-like isotopic 
compositions in some individual mineral analyses (e.g., Hart and Kinloch, 1989; Mathez 
and Kent, 2007), as well as the discovery of highly radiogenic isotopic compositions in 
diamond melt inclusions from the Kaapvaal sub-continental lithospheric mantle 
(Richardson and Shirey, 2008), suggest that the source magmas to the Bushveld may not 
require crustal assimilation, but rather may represent a mixture of primitive mantle melts 
with an enriched subcontinental lithosphere. 
 Thus, several questions remain regarding the source characteristics of the 
Bushveld Complex parent magmas:  How much crustal assimilation is required by the 
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source magma compositions, and at what depth?  Did successive pulses of magma input 
into the Bushveld chamber reflect increasing amounts of crustal assimilation and/or 
prior fractionation in the source?  How did multiple injections affect the differentiation 
and geochemical evolution of the Bushveld magma chamber? 
 During its evolution the Bushveld Complex magma chamber received at least 
three major additional inputs of magma (Fig. 1) (Eales, 2002), one of which begins 350 m 
below and continues to the Pyroxenite Marker, a three-meter thick, massive 
orthopyroxenite layer at the base of the combined Upper and Upper Main Zones 
(hereafter referred to as the UUMZ, see below).  This apparent mixing interval is 
recorded by a persistent major and trace element reversal in the cumulate rocks (Fig. 2).  
Despite previous attempts, the composition of this new magma has yet to be quantified. 
 The purpose of this manuscript is three-fold.  First, using the new parent magma 
composition for the UUMZ with 15-25% magma loss calculated in Chapter 2 in 
combination with in situ major and trace element mineral compositions over the interval 
of mixing, I reconstruct the compositions and proportions of the resident and incoming 
magmas.  Second, I use the trend in the thermal and chemical evolution of the cumulate 
rocks over this interval to investigate the style of the recharge and mixing.  Third, I 
compare the estimate of the incoming magma to other likely source compositions in order 
to understand the role of crustal assimilation and fractional crystallization in the 
generation and evolution of the Bushveld parent magmas.mas. 
 
1.1 Previous estimates of Bushveld source magmas 
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 The Bushveld Complex source magmas have been grouped into three types based 
on analyses of sills and dikes in the region as well as on quenched marginal rocks 
(Sharpe, 1981; Harmer and Sharpe, 1985; Sharpe and Hulbert, 1985).  B1 magmas (also 
ultramafic type or U-type) magmas are thought to be parental to the Lower Zone and are 
characterized by high SiO2 (55-56 wt% SiO2) and high MgO (13-15 wt% MgO) bulk 
compositions.  The basaltic (48-50 wt % SiO2; 7-8 wt% MgO) B2 magmas, represented 
only by quenched marginal zone rocks, are linked to the Critical Zone (Harmer & Sharpe, 
1985); and the B3 magmas, also only found as marginal rocks, (49-50 wt% SiO2 and 6-9 
wt% MgO) (or anorthositic type or A-type) are thought to be parental to the Main Zone.  
 Maier et al. (2000) first observed that the trace element and isotopic signatures of 
the B1-B2-B3 magmas are seemingly decoupled from what would be expected if they 
were related by increasing crustal contamination.  Specifically, the magmas with the least 
radiogenic isotopic compositions, the B1 magmas, have the highest abundances of 
incompatible trace elements, whereas the B3 magmas have the most radiogenic isotopic 
signature and the lowest rare earth element (REE) abundances and least fractionated REE 
patterns (Sharpe, 1981; Harmer and Sharpe, 1985; Kruger, 1994; Maier et al., 2000; 
Barnes et al., 2010).  Maier et al. proposed that the B1, B2 and B3 magmas are related by 
increasing amounts of crustal assimilation, but that the relatively low 87Sr/86Sr ratios in 
the B1 magmas are the result of incomplete removal of plagioclase (and therefore Sr) 
during melting.  In their model, the B2 and B3 magmas assimilated progressively more of 
this residual plagioclase component, resulting in their increasingly radiogenic character.  
By this logic, because the UUMZ occupies the top of the Bushveld Complex, its parent 
148
magma should also have had highly radiogenic isotopic compositions and lower 
abundances of the REEs and other incompatible trace elements.  
 
1.2  Previous estimates of UUMZ incoming magma composition 
 von Gruenewaldt (1973) and Molyneux (1974) were the first to document the 
reversal of major element compositions in the cumulate rocks below the Pyroxenite 
Marker in the eastern Bushveld.  Both interpreted the reversal to represent an influx of 
new, more primitive magma into a crystallizing magma body, but neither attempted to 
calculate the composition of the new magma. 
 Based on the experiments of Cawthorn and Davies (1983), Davies and Cawthorn 
(1984) identified a micropyroxenite dike that they suggested was a feeder to the UUMZ.  
In another study, using drill core through the UUMZ from the western Bushveld, 
Cawthorn et al. (1991) sought to reconstruct the trace element composition of the 
incoming magma from the trapped interstitial melt fraction deduced from samples above 
and below the Pyroxenite Marker.  A brief description of their method is presented here 
for comparison with the method used in this study. 
   First, in order to calculate the proportions of incoming and residual magma, 
Cawthorn et al. assumed that the former had an initial 87Sr/86Sr ratio equal to that of the 
micropyroxenite dike identified by Davies and Cawthorn (1984).  They also assumed that 
the Sr concentrations of the resident Main Zone magma and the incoming magma were 
identical, but never provided direct support for that assumption.  From the isotopes and 
abundances, Cawthorn et al. concluded that the proportion of incoming to resident 
magma was 1:1.   
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 Second, in order to calculate the REE composition of the incoming magma from 
the whole rock compositions, they assumed that the composition of trapped interstitial 
liquid was equal to the composition of the main magma body at that level.  This 
assumption, however, does not take into account any late-stage reorganization of the 
partially molten cumulate pile that might result in an interstitial melt fraction that is not 
original to, or in equilibrium with, the cumulate phases in a particular sample.  Indeed, 
the assumption that has been shown to be patently incorrect in a number of instances 
(e.g., McBirney and Hunter, 1995; Mathez et al., 1995, Meurer and Boudreau, 1998; 
McBirney, 2002; Meurer and Meurer, 2006).  Thus, Cawthorn et al. (1991) assumed (1) 
the Sr isotopic composition of the incoming magma; (2) the Sr content of the resident and 
incoming magmas; and (3) that the composition of the interstitial melt fraction is 
representative of the original magma composition.    
  
 The approach used in this study alleviates the need for such a large number of 
unsupported assumptions by using the composition of the UUMZ parent magma obtained 
in Chapter 2 and calculating the equilibrium liquids directly from the mineral phases.  
Furthermore, this approach quantifies the effect of any assumptions made and provides a 
range of values so as to incorporate as much uncertainty as possible.  
 
2.  Methods  
  The stratigraphic locations of samples through the Main Zone and Upper Zone 
used in this study are shown in Figure 2.  Stratigraphic depths were determined according 
to the stratigraphic column and detailed map of Molyneux (1974).  
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 In situ major and trace element compositions of plagioclase, clinopyroxene, and 
orthopyroxene were determined for 24 samples above and below the Pyroxenite Marker 
by electron microprobe and laser-ablation ICPMS (LA-ICPMS), as outlined in Chapter 2.  
 
3.  Results  
 Major element compositions for plagioclase, clinopyroxene, and orthopyroxene 
are presented in Table 1a-3a, and plagioclase An content and pyroxene Mg# are shown in 
Figure 1.  The Pyroxenite Marker is located 2200 m above the Merensky Reef in the 
eastern Bushveld (Molyneux, 1974).  The reversal in clinopyroxene and orthopyroxene 
Mg# as well as plagioclase An-content begins approximately 350 m below the Pyroxenite 
Marker (ca. 1849 m) and continues until 10-100 m above it (ca. 2210-2325 m).  A similar 
stratigraphy was reported for the western limb (Cawthorn et al., 1991; Nex et al., 2002) 
for the western limb.   
 In situ trace element compositions of plagioclase, clinopyroxene, and low Ca-
pyroxene are provided in Tables 1b – 3b.  Some elements, such as Sc, Cr, Zn, and the 
HREEs, show distinct reversals coincident with those of the major elements.  Others, 
however, such as Zr, Sr, and the LREE, do not show any significant correlation with 
stratigraphic depth below or above the Pyroxenite Marker.  Lack of reversal in some trace 
elements over this interval may be the result of a number of different factors, including: 
(1) erasure of original magma signature due to subsolidus reequilibration; (2) similar 
compositions of resident and incoming magmas; or (3) the competing effect of magma 
recharge (enhancing or diluting the element concentration) and fractional crystallization 
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(increasing the abundance of incompatible elements in the residual liquid, and decreasing 
the compatible ones) over this interval. 
 
4.  Recharge and Mixing Calculation Procedure 
 As noted, the input of new magma into the Bushveld Complex magma chamber, 
and subsequent mixing with resident magma is recorded in the cumulate rocks as a 
persistent trend of increasing pyroxene Mg#s and plagioclase An contents over a 
stratigraphic interval of approximately 350 m (Fig. 1).  The final extent of this increase is 
located at approximately the level of the Pyroxenite Marker.  Thus, the Pyroxenite 
Marker indicates the termination of magma input and mixing.  This is also recorded in the 
Sr isotopic compositions of the cumulates over this interval (Fig. 3), which become 
progressively less radiogenic with increasing stratigraphic height until the Pyroxenite 
Marker, at which point isotopic composition remains relatively constant through the 
UUMZ until contact with the roof.  This suggests that the resident and incoming magmas 
were fully mixed at the time of Pyroxenite Marker crystallization. 
 Above the Pyroxenite Marker the rocks follow the expected crystallization trend 
of decreasing pyroxene Mg# and plagioclase An content with increasing stratigraphic 
height (Fig. 1).  After approximately 850 m of crystallization, the cumulate rock displays 
the same composition as that prior to the input of new magma.  
  The interval of input, mixing and crystallization can be used to reconstruct the 
proportions of incoming and resident magma as well as their compositions.  An 
illustration of the variables used in this calculation is provided in Figure 4.  The general 
formula for two-component compositional mixing is:  
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Cmix = CresXres + CincXinc,   (eq. 1) 
where Cinc is the composition of the incoming magma; Cres is the composition of the 
resident magma; Xinc and Xres are the proportions of incoming and resident magma, 
respectively; and Cmix is the composition of the mixed magma.  We choose to model the 
magma recharge and mixing in this way in order to eliminate any assumptions associated 
with unknown variables, such as the rates of assimilation and crystallization or the 
temperature and heat capacities of the two magmas, which are required in the models of 
DePaolo (1981) or Spera and Bohrson (2001). 
 
4.1  Proportions 
 The relative proportions of incoming magma (Xinc) to resident magma (Xres) can 
be inferred directly from the total stratigraphic thickness above the point of magma input 
and the total stratigraphic excursion in mineral compositions due to the influx of new 
magma.  The total magma layer thickness above the point of input can be calculated by: 
 
 Total Magma Layer Thickness (m) = UUMZ (m) + Zone of Magma Mixing (m) 
 
 The UUMZ from the Pyroxenite Marker to the roof is approximately 2425 m 
(Molyneux, 1974).  However, as was shown in Chapter 2, the UUMZ lost between 15 
and 25% of its original volume.  Therefore the total original UUMZ magma layer 
thickness is calculated to have been between 2850 and 3230 m (for 15% loss and 25% 
loss, respectively).  This only accounts for the magma present above the Pyroxenite 
Marker, after magma input and mixing is complete.  The 350 m thick cumulate rock 
sequence marking the Zone of Magma Mixing below the Pyroxenite Marker formed from 
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both resident melt and incoming melt, and must also be included in the total magma 
budget.  Thus,  
Total Magma Thickness (m) = (2850 + 350) to (3230 + 350) = 3200 to 3580 m 
= Xres + Xinc 
This formulation requires that Xres in the fully mixed UUMZ is the same as Xres over the 
Zone of Magma Mixing, an assumption that is inherently incorrect.  As new magma is 
input into the resident magma chamber the relative proportions of incoming and residual 
magma change such that the Xres at the beginning of mixing is much greater than the Xres 
at the end.  Nevertheless, the contribution (350 m) of the Zone of Magma Mixing to the 
total magma thickness is small (ca 10%) so differences in Xres over this interval should 
not significantly influence the mixing results (see Compositions below). 
 The proportion of incoming magma (Xinc) is calculated from the trend in the 
observed mineral compositions above and below the Pyroxenite Marker.  Xinc is equal to 
the total amount of crystallization required to return the magma to its original 
composition prior to input and mixing.  For the present purposes, this is assumed to be 
the total stratigraphic excursion in plagioclase An content.  Plagioclase is a good recorder 
of melt composition because the coupled substitution of Ca-Al for Na-Si makes it less 
susceptible to subsolidus reequilibration than Fe-Mg exchange in the pyroxenes.  Prior to 
the input of new magma, approximately 350 m below the Pyroxenite Marker, the 
plagioclase composition is An57.  This composition returns in the UUMZ stratigraphy 
approximately 850 m above the Pyroxenite Marker.  Thus, the total stratigraphic 
excursion caused by magma input is 1200 m (Figs. 1 and 4).  Given a total magma layer 
thickness of between 3200 (15% magma loss) and 3580 m (25% magma loss), Xinc is 
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calculated to have constituted between 33-37% (1200/3580 to 1200/3200) of the total 
layer thickness. 
 
4.2  Compositions -- Cmix 
 The UUMZ parent magma composition calculated in Chapter 2 (Table 4) is 
representative of the composition of the fully mixed magma at the level of the Pyroxenite 
Marker.  In order to account for the Zone of Magma Mixing, the rock composition over 
this interval must be added to the UUMZ parent magma, 
 
Cmix = CUUMZ Parent Magma + CZone of Mixing 
 
Because only a small number of whole-rock analyses are available over the Zone of 
Magma Mixing, an estimate of the composition must be made from mineral compositions 
and modes.  The gabbroic rocks in the Zone of Magma Mixing contain plagioclase, 
clinopyroxene and low Ca-pyroxene in weight proportions of approximately 55 : 20 : 25, 
respectively.  Using these proportions and the measured mineral compositions, a 
hypothetical whole-rock composition was calculated at each sample depth.  CZone of Mixing 
was then calculated by weighting each “whole-rock” according to its stratigraphic 
interval and composition.  This does not account for the presence of trapped melt in the 
rocks over this interval, which would contribute incompatible trace elements to the 
calculated composition.  Due to the small contribution of CZone of Mixing to the total magma 
column, however, the difference between CUUMZ parent magma and Cmix calculated in this way 
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is small (Table 4), and the uncertainty does not significantly influence the calculation of 
the incoming liquid composition (Cinc). 
 
4.3  Compositions -- Cres   
The composition of the resident magma (Cres) can be calculated from samples 
directly below the onset of magma input (i.e., at 350 m below the Pyroxenite Marker) 
using mineral-melt partition coefficients (Ds) and the measured composition of each 
phase.   
 There exists a wide range of applicable mineral-melt partition coefficients for 
plagioclase, clinopyroxene and orthopyroxene and basaltic liquids.  Additionally, in 
many studies, data for only a few select elements are reported.  In order to maintain 
constancy, I have calculated the appropriate mineral-melt Ds for every element analyzed 
in plagioclase, clinopyroxene, and low-Ca pyroxene.  The UUMZ parent magmas 
calculated in Chapter 2 represent the composition of the liquid in equilibrium with the 
phases at the Pyroxenite Marker.  Thus, mineral-melt partition coefficients specific to the 
conditions of crystallization can be obtained empirically from the average composition of 
each phase in samples near the Pyroxenite Marker and the UUMZ magma composition 
(Table 5). 
 The calculation of Ds in this way eliminates the need for a priori knowledge of 
variables such as P, T, H2O, and fO2 that influence D; however, it does not adequately 
account for any crystal-chemical control on mineral trace element contents, which has 
been documented for some elements in plagioclase and clinopyroxene (Blundy and 
Wood, 1991; Blundy and Wood, 1994).  Some of the elements measured in this study, 
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such as V, Cr, Co, Ni, Mn in orthopyroxene and Sc and Cr in clinopyroxene, show 
statistically significantly correlations (r2 > 0.5) with Mg#; thus, liquid compositions for 
these elements determined by the Ds calculated here (Table 5) may be subject to greater 
uncertainty than for those elements that are not correlated with Mg#.  For the elements 
for which this is particularly important, such as Sr and Ba in plagioclase, partition 
coefficients are calculated according to the method of Blundy and Wood (1991) using the 
measured plagioclase An content and an assumed temperature of 1100 ºC (Table 5). 
 The resident liquid composition (Cres) for the Main Zone is calculated in Table 6 
using the partition coefficients from Table 5 and mineral compositions from the sample 
approximately 350 m below the Pyroxenite Marker.   
 The calculation of the incoming magma (Cinc) is now straightforward (rearranged 






Table 6 shows the range of incoming magma compositions.  
 
4.4  Compositions -- Major Elements 
 The cumulate rocks of the Main Zone are two pyroxene gabbros.  A wide range of 
magma compositions can crystallize this assemblage, making it difficult to precisely 
identify the major element composition of the incoming magma.  However, the Ca/Na 
ratio measured in plagioclase, and the Fe/Mg ratio measured in orthopyroxene and 
clinopyroxene, can be related to the original magma composition by known mineral-melt 
partition coefficients (e.g. Chapter 2).  Prior to magma input the resident Main Zone 
magma had a Ca/Na ratio of 3.7 and an Fe/Mg ratio of 1.55 (Table 6).  The Ca/Na and 
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Fe/Mg ratios calculated for Cmix (taking into account 15-25% proposed parent magmas) 
are 6.7-7.6 and 1.25-1.29, respectively (Table 4).  Thus, the incoming magma is 
calculated to have a Ca/Na ratio of 12.9-14.1 and Fe/Mg ratio of 0.75-0.76 (Table 6).  
This is consistent with the progression of mineral compositions to more magnesium- and 
calcium-rich end members.   
 
4.5  Compositions -- Isotopes 
 The whole-rock Sr isotopic composition of the Main and Upper Zones has been 
well documented (Sharpe et al., 1985; Kruger et al., 1987; Cawthorn et al., 1991; Maier 
et al., 2000).  The Nd isotopic profile of the Main Zone exists from a study by Maier et 
al. (2000); however, no detailed Sm-Nd isotopic study of the Upper Zone is reported in 
the literature.  Thus, all calculations of the isotopic composition of the incoming magma 
will include only Sr (Fig. 2). 
 The equation for two-component mixing of isotopic systems depends on both the 
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 The 87Sr/86Sri of the fully mixed magma at the Pyroxenite Marker is 
approximately 0.7073* (87Sr/86Sr)mix, and the 87Sr/86Sri of the resident Main Zone magma 
is approximately 0.7080* (87Sr/86Sr)res (*calculated to 2.06 Ga).  The Sr content of the 
resident magma, the incoming magma and the fully mixed magma are all well 
constrained from the above calculations (Tables 4, 6a-b).  Thus, the isotopic composition 
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of the incoming magma (87Sr/86Sr)inc is calculated to be between 0.7065 and 0.7067 
(Table 6; Fig. 5). 
 
5.  Discussion  
5.1  Preservation and style of the recharge event 
An alternative possibility to the scenario described above is that the UUMZ parent 
magma was the incoming magma (Xinc ≈ 1; CUUMZ parent magma = Cinc), and that mixing 
between it and a minor amount of resident magma (Xres < 0.05) was confined to a small 
region at its base, now represented by the Zone of Magma Mixing.  Two lines of 
evidence suggest that this could not have been the case.  (1) If the resident Main Zone 
magma existed in only a small quantity after having crystallized more than 5 km of 
cumulates, its composition should have been highly evolved.  Yet the Main Zone 
cumulates immediately below the Zone of Magma Mixing have plagioclase of An57 and 
pyroxene with Mg# = 62-75.  In contrast, the evolved residual liquids at the top of the 
Upper Zone crystallized plagioclase of An24-40, olivine of Fo5-10 and clinopyroxene with 
Mg# = 19-29 (see Chapter 3).  (2) The preservation of the mixing interval over several 
hundred meters of stratigraphy suggests that the new magma cannot have intruded in one 
pulse.  Therefore, it is pertinent to consider further how the Zone of Magma Mixing may 
have developed.  
Compositional reversals in layered intrusions are not uncommon, but they are 
typically sharp, not gradual (e.g., McCallum et al., 1980, Naslund and McBirney, 1996).  
The character of the mixing interval below the Pyroxenite Marker is therefore somewhat 
unique.  Crystallization is driven by heat loss, so the cumulate rocks themselves must 
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record the progressive cooling of the magma body.  Yet the addition of a hotter, more 
primitive magma below the Pyroxenite Marker is supported by all available geochemical 
parameters – major elements, trace elements, and isotopes.  Thus the cooling and 
crystallization of the magma body during the simultaneous addition of a new, hotter 
magma is seemingly contradictory.   
 The preservation of the mixing event can be exploited to investigate the style of 
the recharge event.  For magmas saturated in augite + plagioclase ± olivine from the 
Upper Zone of the Kiglapait Intrusion, Peterson (1999) calculated a change in magmatic 
temperature of 4.8°C per mol anorthite.  Applying this rate to the changing plagioclase 
An contents below the Pyroxenite Marker yields a temperature increase of 87°C from the 
onset of mixing at ~1850 m to the cessation just below the Pyroxenite Marker at ~2195 
m.  Using the proportions of incoming magma (Xinc = 0.33 – 0.37) and resident magma 
(Xres= 0.67 – 0.63), the incoming magma temperature is calculated to be approximately 
230-257°C hotter than that of the resident magma.  This calculation assumes that the 
incoming magma was at or near its liquidus and intruded entirely as a liquid with no 
crystals.  This is supported by the small standard deviation of the mean in the measured 
plagioclase An contents (i.e. there is no evidence for two distinct crystal populations as 
would be the case if the incoming magma carried a crystal load) (Fig. 1).   
 The record of thermal evolution of the magma during mixing and crystallization is 
shown in figure 6.  At no point does plagioclase record a drastic increase in temperature 
from one sample to the next.  It is unlikely that hot new magma was injected all at once, 
which would be recorded as an abrupt, step-wise temperature change.  Rather, the new 
magma must have been input gradually in a number of small discrete events that allowed 
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for cooling and crystallization of the mixed magma in the times between successive 
events, even while the amount of total magma grew (Fig. 6). 
 Prolonged, gradual input resulting in incremental increases in Xinc at the expense 
of Xres is also consistent with the apparent increase in the rate of temperature change with 
stratigraphic height (∆T/∆Z) at approximately 250 m above the onset of magma mixing 
(Fig. 6).  For example, if 1 part incoming magma was added to a constant 100 parts of 
resident magma for every 10 meters of crystallization, then the proportion of incoming to 
residual magma would have increased from 1:100 (Xinc = 0.01) during deposition of the 
first 250 m to 25:100 (Xinc = 0.2) during deposition of the last 100 m.  Due to the 
significantly hotter temperature of the incoming magma, an increase in Xinc might also 
inhibit or slow crystallization for a period of time, further compounding the increase in 
∆T/∆Z.  The same effect may also be achieved by an increase in the rate of input at this 
point, but this is not required. 
 
5.2  Similarity of UUMZ incoming and B3 liquids 
The composition of the UUMZ incoming magma identified here is similar to that 
of the B3-type magmas thought to be parental to the Main Zone of the Bushveld (Table 
7). The Fe/Mg and Ca/Na ratios, transition metal trace element contents, and REE pattern 
and abundance of the UUMZ incoming magma are all similar to those of B3 magmas 
(Table 7, Fig. 7).  The initial Sr isotopic compositions calculated for the UUMZ incoming 
magma of (87Sr/86Sr)2.06Ga = 0.7065 – 0.7067 are also within the range measured in B3-
type marginal rocks of (87Sr/86Sr)2.06Ga = 0.7057 – 0.7071 (Harmer and Sharpe, 1985).  
Thus, the derived incoming magma composition is consistent with the hypothesis that 
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B3-type magmas represented the last large pulse to enter the Bushveld chamber below 
the Pyroxenite Marker. 
Previous estimates of the incoming magma to the UUMZ fall short in two 
important ways.  (1) The micropyroxenite feeder dike identified by Davies and Cawthorn 
(1984) has a major element composition that is too evolved (Table 7).  For example, the 
molar Fe/Mg ratio of 1.08 would have caused a decrease in pyroxene Mg# over the 
interval of mixing, not an increase as is observed (Fig. 1).  (2) The estimated REE 
composition of the incoming magma from Cawthorn et al. (1991) derives from the 
computation of a trapped liquid, a notion, as noted above, that is fraught with difficulties.  
Thus, the REE contents derived by Cawthorn et al. (1991) fall outside the range of 
estimates from nearby feeder dikes thought to be parental to portions of the Bushveld 
rocks (Fig. 7), and are more than three times larger than those calculated here. 
 
5.3  Formation of the Bushveld source magmas 
The progression of more radiogenic isotopic compositions from the B1 magmas 
to the B3 magmas generally supports the notion of an increasing crustal contribution in 
the melts input into the Bushveld chamber.  As noted by Maier et al. (2000), however, 
this is seemingly at odds with the progression to less fractionated REE patterns and lower 
total REE abundances from B1 to B2 and B3 magmas.  
Here I propose a qualitative model to explain how the B1, B2 and B3 magmas 
may have been related.  If the B1 magmas are accurately represented by magnesian and 
silica-rich marginal sills (e.g. Harmer and Sharpe, 1985; Table 7), this composition may 
be produced by large degrees of assimilation of lower crust by a relatively Mg-rich 
mantle-derived liquid.  Due to the low Rb/Sr ratio of the lower continental crust (Rb/Sr = 
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0.03; Rudnick and Fountain, 1995), it will maintain a low 87Sr/86Sr ratio regardless of 
age.  For example, a lower crust formed at 3.5 Ga with Rb/Sr = 0.03 would have an 
87Sr/86Sr ratio at 2.06 Ga of only 0.7021, a composition nearly identical the primitive 
mantle at 2.06 Ga (87Sr/86Sr2.06 = 0.7020 calculated from Faure and Mensing [2005] 
assuming a chondritic uniform reservoir).  Thus, the assimilation of lower continental 
crust will reduce the MgO and enhance the SiO2 and incompatible trace element contents 
of the magma without influencing Sr isotopic composition. 
The B2 and B3 magmas, however, cannot have been produced in this way.  
Rather, to generate the B2 and B3 compositions, the same primitive mantle-derived melt 
may have resided in a mid- to upper crustal chamber, where it was able to assimilate 
lesser amounts of more radiogenic material than the magma that had intruded the lower 
crust.  In this case the mid- to upper crust assimilant would have had a 87Sr/86Sr2.06 > 
0.713, and the resulting magma would be more radiogenic but display less fractionated 
REE patterns and lower REE abundances, as is calculated for the B2 and B3 magmas 
(Fig. 7).  
A meaningful quantitative model of these processes is not possible without better 
constraints on the compositions of the mantle melts involved.  Nevertheless, our model of 
crustal assimilation is able to reconcile the trace element and isotopic signatures of the 
Bushveld parent magmas without requiring any exceptional circumstances, such as the 
initial retention of plagioclase during partial melting of the crust (e.g., Maier et al., 2000).   
I hypothesize that the amount of crustal assimilation involved in the formation of the 
Bushveld parent magmas decreases from the B1 to the B2 and B3 magmas, despite their 
increasingly radiogenic character.   
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 5.  Conclusions 
With the assumption that the UUMZ parent magma composition calculated in 
Chapter 2 is representative of the original liquid present at the level of the Pyroxenite 
Marker, this work provides an estimate of the composition and proportion of incoming 
and resident magmas below the Pyroxenite Marker.  The calculated incoming magma 
composition improves over previous estimates because (1) it does not make any a priori 
assumptions about the isotopic composition and proportion of the incoming magma, and 
(2) it uses in situ cumulus mineral compositions to reconstruct the equilibrium liquid 
during mixing.  Applicable mineral-melt partition coefficients for a full suite of trace 
elements are also provided for plagioclase, low-Ca pyroxene, and clinopyroxene.  These 
partition coefficients could be used to further investigate processes occurring within the 
Main and Upper Zones of the Bushveld Complex, or other systems at similar conditions.   
 The unique preservation of the mixing interval in the cumulate record suggests 
that the new magma was input sufficiently gradually to allow for simultaneous 
crystallization.  Furthermore, the homogeneous whole-rock Sr isotopic composition from 
the Pyroxenite Marker to the roof (Sharpe, 1985; Kruger et al., 1987) implies that the 
resulting magma chamber was well-mixed over the duration of input and mixing. 
 Uncertainty remains over the relative contributions of mantle and crustal sources 
in the generation of the high Si, high Mg parent magmas of large Archean-Proterozoic 
layered intrusions such as the Bushveld Complex, Stillwater Complex and Great Dyke.  
A fundamental test of the crustal-assimilation versus anomalous-mantle debate may lie in 
the geochemical evolution of magmas input into the chamber.  My results suggest that the 
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incoming magma to the UUMZ had a composition similar to the B3-type marginal sills.  
My qualitative model for the evolution of the Bushveld parent magmas is consistent with 
the available geochemical evidence and provides a mechanism to explain the apparent 
decoupling of trace element and isotopic compositions from what is typically expected 
during crustal assimilation.  I hypothesize that the B1 magmas contained a large 
proportion of a lower crustal component, whereas the B2 and B3 magmas contained 
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Figure 1: Average plagioclase An (blue) and pyroxene Mg# (clinopyroxene = green; 
orthopyroxene = yellow) with stratigraphic height in meters above the Merensky Reef in 
the eastern Bushveld.  The inset shows the entire dataset of individual plagioclase analyses 
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Figure 2.  Whole-rock 87Sr/86Sri with stratigraphic height above the Merensky Reef (m) 
from Kruger et al. (1987, squares) and from Sharpe (1985, circles).  Inset shows the Sr 
isotopic mixing trend below the Pyroxenite Marker recorded in whole rocks from Caw-
thorn et al. (1991, diamonds), stratigraphic depths are normalized to be consistent with the 
eastern Bushveld.  All data is recalculated to an age of 2.06 Ga.  Symbol size is larger than 














































Figure 3. Sample locations through the Leolo Mountain traverse following Molyneux 
(1974).  Geologic map and stratigraphic column are adapted from Chapter 1 Figures 4 and 
7.  Sample locations were determined via GPS and stratigraphic depths are calculated 
taking into account dip and local topography.
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Onset of Magma Mixing
Cessation of Magma Mixing
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(assuming 15-25% magma loss)
Zone of Magma Mixing
Figure 4.  Schematic of the variables involved in the calculation of magma mixing.  The 
onset of magma mixing (1850 m) corresponds to the most evolved Main Zone composi-
tions prior to geochemical reversals.  Cessation of magma mixing (2200 m) is the location 
of the Pyroxenite Marker, after which point mineral compositions resume a trend of 
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Figure 5.  Sr isotopic mixing between the resident magma and the incoming magma.  Blue 
circles denote 15%-loss parent magma Cmix compositions; red squares represent 25%-loss 
parent magma Cmix compositions.
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dZ = 105.73ln(dT) - 112.59
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Figure 6.  Calculated change in the temperature (dT) of the magma chamber with change 
in the thickness of the crystal (dZ) from the onset of mixing.  The change in magma 
temperature is calculated assuming 4.8°C/ mol An in plagioclase.  Below is an illustration 































Figure 7.  MORB (PetDB) normalized calculated incoming liquid trace element composi-
tions (Table 7).  Grey symbols are the calculated incoming magmas (circles = 15%-loss; 
squares = 25%-loss) and white diamonds represent the bulk composition of the UUMZ; 
dark blue diamonds = incoming magma composition calculated by Cawthorn et al. (1991); 
light blue diamonds = OIB magma composition (Sun and McDonough, 1989); green 
circles = Archean lower crust (Rudnick and Fountain, 1995); red triangles = 2056 Ma Lap-
land komatiite (Hanski et al. 2001); yellow squares = 2056 Ma Lapland picrite (Hanski et 
al. 2001); orange triangles = unmetamorphosed Barberton komatiite (Parman et al., 2003).  
Field for B3-type parent magmas (NE-SW diagonal lines) from Maier and Barnes (1998) 
and Maier et al. (2000).  Field for B1-type parent magmas (NW-SE diagonal lines) from 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































SiO2 47.03 52.44 50.81 53.33 50.99 53.24
TiO2 1.74 0.13 1.53 1.39 1.38 1.27
 Al2O3 16.37 17.04 15.69 15.24 15.84 15.42
 FeO* 15.60 7.47 13.98 12.89 13.27 12.36
 MnO 0.20 0.18 0.19 0.18 0.19 0.18
 MgO 6.48 8.70 5.61 5.04 5.95 5.39
CaO 9.39 11.79 8.11 7.26 8.51 7.70
Na2O 2.46 2.30 2.51 2.55 2.49 2.52
K2O 0.36 0.15 1.07 1.55 0.97 1.41
P2O5 0.38 n.a. 0.33 0.30 0.29 0.27
Total 100.00 100.21 99.98 99.97 99.88 99.78




8.45 11.32 7.14 6.31 7.57 6.75
Sc 35.20 34.8 30.8 28.2 31.3 28.8
V 296.53 163.6 252.2 222.6 242.5 216.9
Cr 87.52 144.1 75.1 66.9 82.6 74.4
Ni 84.18 97.8 72.0 64.1 74.8 67.3
Cu 131.93 0.6 114.2 103.5 101.8 93.5
Zn 93.99 61.9 100.0 99.5 95.8 95.8
Rb 5.35 0.5 38.3 54.8 34.1 49.5
Sr 259.33 257.4 234.0 217.8 236.6 221.7
Y 10.02 5.9 20.3 24.7 18.8 22.8
Zr 21.75 9.7 96.5 137.3 87.0 124.8
 Nb 1.11 0.0 5.0 6.7 4.5 6.1
 Ba 118.31 60.5 253.2 357.3 232.1 328.3
La 6.04 2.1 15.7 22.2 14.2 20.2
Ce 14.57 4.4 32.6 44.6 29.5 40.7
Nd 8.43 2.5 15.4 20.1 14.0 18.4
Sm 1.95 0.7 3.4 4.3 3.1 4.0
Eu 0.89 0.4 1.1 1.2 1.0 1.1
Gd 2.12 0.9 3.2 3.9 2.9 3.6
Dy 1.93 1.0 3.1 3.8 2.8 3.5
Er 1.05 0.6 1.7 2.1 1.5 1.9
Yb 0.93 0.6 1.6 2.1 1.5 2.0
Lu 0.14 0.1 0.2 0.3 0.2 0.3
Pb 2.01 0.8 3.2 4.0 3.0 3.7
Th 1.82 0.1 5.6 7.8 5.0 7.0








































































































































































































































































































































































































































































































































































































Table 6. Residual and Incoming Liquid Compositions
Composition of Residual Composition of Incoming 
15% 25% 15% 25%
Sc 34.3 31.4 26.1 23.7
V 339.9 300.1 79.9 51.6
Cr 4.4 3.9 213.1 214.4
Cu 43.8 39.7 198.5 200.2
Zn 124.2 123.6 48.5 40.7
Rb 51.2 73.4 5.7 2.1
Sr 169.1 169.1 349.1 326.1
Y 19.3 23.5 17.8 21.6
Zr 62.2 88.6 128.3 196.9
Nb 3.9 5.3 5.4 7.7
Ba 313.9 313.9 95.5 356.9
La 20.2 28.5 4.2 3.7
Ce 36.4 49.8 18.1 22.6
Nd 17.1 22.3 8.8 10.5
Sm 3.6 4.6 2.2 2.6
Eu 1.0 1.2 0.9 1.0
Gd 3.6 4.4 1.9 2.1
Dy 3.4 4.2 1.9 2.1
Er 1.9 2.3 1.0 1.1
Yb 2.0 2.6 0.7 0.7
Lu 0.3 0.4 0.0 0.0
Pb 2.8 3.5 3.2 4.1
Th 6.1 8.4 3.2 4.2
Ca/Na 3.67 3.67 14.1 12.9




Sr i 0.7067 0.7065
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